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SUMMARY 
It has long been recognised that the distribution of 
inhaled particulate within the human lung is non-uniform, 
and changes with time post-exposure. However, lack of 
information as to the magnitude of such non-uniformities has 
resulted in the calibration of lung monitoring equipment 
being , based on the assumption of a uniform lung 
distribution. This assumption is believed to be a source of 
considerable error in the calibration process. 
This work is aimed at providing information on the 
actual spatial distribution of inhaled material in the human 
lung, to allow corrective measures to be applied to the 
calibration process. An experimental procedure is developed 
to map the spatial distribution of inhaled particulate of 
two different aerodynamic diameters within the lungs of 
human volunteers. The procedure included measurements at 
rest and during exercise, to study the effect of breathing 
pattern on particle distribution. 
Details, and the results of a pilot study are 
presented. This study maps the low resolution spatial 
distribution of 1 J.Lm particles in the lungs of eight 
volunteers for a period of approximately eight weeks past 
inhalation. 
Reference to measurements made over calibration 
phantoms is made in order to interpret the results of the 
distribution mapping. A study of the suitability of the 
phantoms to simulate the anatomy of the subjects is 
undertaken, which raises doubts concerning the phantoms' 
lung size and shape. 
Mathematical models of the lungs of both the phantom 
and ｯｮｾ＠ of the subjects are developed as an analytical tool 
and measurement results are compared with count 
distributions predicted by these models. Results analysed in 
this manner suggest a much more uniform ､ｩｳｴｲｾ｢ｵｴｩｯｮ＠ than 
that previously experienced for larger particles. 
Information obtained from the pilot study on the 
distribution of inhaled ｰ｡ｲｾｩ｣ｬ･ｳ＠ within the lungs is used 
( 
I 
to identify a detector configuration that would provide an 
efficient lung coverage. This configuration is used in the 
development of a new in-vivo monitoring facility at AWE. 
An Appendix deals with aspects of phantom lung 
production and verification of the attenuation properties of 
the phantom lung material. The best subject position for 
routine use in the new AWE in-vivo monitoring facility is 
also considered in an appendix. 
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CHAPTER I 
GENERAL INTRODUCTION 
1.1 A Brief Background to the Project 
Since the first reported use of a whole body counter in 
1925 ( 1) they have found wide employment in the nuclear 
industry for directly determining the organ and body burdens 
of various gamma and X-ray emitting radionuclides. The 
measurement technique utilises one or more radiation 
detectors placed close to the body surface to assess the 
degree of · internal radioactive contamination. This 
contamination results from the inhalation, ingestion, or 
absorption through a wound, of radioactive material 
accidentally released into the work-place. 
This process of moni taring radionuclides deposited 
in-vivo can also be used to detect some alpha emitters by 
the detection of the associated X-ray emissions and some 
high energy beta emitters by the detection of bremsstrahlung 
radiation. It has, in particular, been adopted for 
monitoring the lungs of workers handling uranium or the 
transuranic elements (especially plutonium). 
In order to quantify lung deposits using in-vivo 
moni taring the detector system to be used must first be 
calibrated. For a particular radionuclide and photon 
emission energy the count-rate per becquerel of activity in 
the lungs is related in part to the subject's chest-wall 
thickness. Establishing this relationship is usually 
achieved using an anthropomorphic chest phantom containing 
lungs uniformly loaded with a known quantity of the 
required isotope. 
It ｾ｡ｳ＠ long been recognised that tne distribution of an 
aerosol in the lung, following inhalation, is non-uniform 
and changes with time post-exposure. Some measurements 
performed by Gunston (51) on two women who had previously 
inhaled a 3. 5 J.tm aerosol labelled with 92mNb revealed a 
8 
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possibie 13:1 ratio between the aerosol concentrations at 
the apex and base of' the lung. Other researchers (53) have 
also reported vertical concentration gradients with 5 ｾｭ＠
particles, with increased particle penetration into the lung 
apices. 
The assumption of uniformity is thus ｴｨｯｵｧｨｾ＠ to be a 
source of considerable error in the calibration process. 
Theoretical assessments of the effect of non-uniformity on 
in-vivo measurements (2) have suggested that "reasonable" 
distributions could lead ·to changes of 200-300% in the 
calibration factor for direct plutonium-239 measurements 
using the Uranium L-shell X-rays (average energy 1 7keV) . 
Other, experimental studies. (3) have shown that non-uniform 
distributions could lead to errors in the lung counting · 
calibration factor of up to 1000% for the direct measurement 
of plutonium-239 and 400% for the measurement of 
americium-241 (using the 60 keV Y-ray emissions) 1 • 
Animal studies have provided details of the spatial 
､ｩｳｾｲｩ｢ｵｴｩｯｮｳ＠ found in the lungs of various species (4,5,6) 
｡ｾ＠ various. times after exposure to plutonium oxide aerosols. 
However, the applicability of the findings of animal studies. 
to human subjects is limited by anatomical and physiological 
differences between the species. There is also some autopsy 
information as to the spatial distributions found in human 
subjects at long times post-exposure ( 7, 8, 9). However, 
detailed information as to the .magnitude of Qistribution 
non-uniformities and their effect on the calibration of lung 
monitoring facilities has been insufficient to enable 
calibration techniques to be improved. 
1. Because of the low emission probability and high attenuation of the Uranium L X-rays used for 239ru measurements most 
. . 't . " 'l't' h A 241 (d 1 r241 p ) 239p · · · · · m-wvo mom onng ,aci 1 1es now measure t e m- aug 1ter o u to assess u contammat10n ( assummg the tsotopic 
composition of the inhaled material is known and there is a sufficiently high 241 Am content). 
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1.2 Aims of the Project 
The principal aims of this project were:-
1. To determine the spatial distribution of inhaled 
particulate in the human lung at, and for a short time 
after, inhalation. 
2. To assess the effect of the spatial distribution on 
in-vivo counting using a mathematical model of the 
lung/detector counting geometry. 
3. To .suggest the best counting geometry for a new 
detector system at the AWE in-vivo monitoring facility by 
taking into consideration the spatial distribution of 
material in the lung and employing the best subject 
position. 
4. To assess the attenuation properties of radioactive 
labelled synthetic lungs produced at AWE for calibration of 
their in-vivo monitoring facility. 
1.3 Summary of Contents 
Chapter 2 provides some background information to the 
project, both in terms of in-vivo monitoring techniques, 
including the calibration process, and the behaviour of 
inhaled material that may affect the distribution. 
Chapter 3 considers various experimental methods and 
gives an outline of the procedures finally adopted. This 
chapter also covers the design and selection of the 
measurement equipment and presents the results of some 
equipment performance tests. 
More detailed information on the experimental 
measurements is presented in Chapter 4. Descriptions of the 
measurements carried out on the subjects and calibration 
phantoms are provided, together with the measurement 
results. Analysis of the subject results by reference to the 
results from the calibration phantoms is also carried out 
and the results discussed. 
Chapter 5 compares the anatomy of the lungs of the 
calibration phantoms with those of the subjects of the 
10 
study. Mathematical models of the phantom and subject lungs 
are then developed in an endeavour to clarify some 
inconsistencies in the results obtained in Chapter 4. The 
results of the modelling are compared with the subject 
measurements discussed in Chapter 4 and the evidence as to 
the distribution of material in the lung is considered. 
Chapter 6 presents the conclusions drawn from the 
experimental measurements and discusses the consequences for 
in-vivo monitoring (with particular reference to the design 
of the new AWE facility). This Chapter also identifies where 
further investigation is required and includes suggestions 
for future work programmes. 
In addition to these main chapters Appendices A to F 
give support information and detail supplementary work 
carried out as part of this study. 
11 
CHAPTER II 
BACKGROUND INFORMATION 
2.1 In-Vivo Measurement 
The detection and quantification of radionuclides 
deposited in-vivo basically involves the techniques of 
conventional gamma-ray spectrometry. The demands made of the 
detectors for in-vivo measurements, however, are more severe 
than for many applications. A wide range of radionuclides 
must be identified and quantified in the small quantities 
dictated by radiation protection requirements. This must be 
achieved using a reasonable count duration, and in the 
presence of natural background radiation. To endeavour to 
meet these aims the detectors (usually two or more) must 
have: -
(1) high geometrical efficiency to detect emissions over 
large organ areas, 
(2) good sensitivity over a wide range of energies (10 keV 
to 3 MeV), 
(3) low background counting rates, 
(4) good spectral resolution. 
2.1.1 Detector Systems at AWE 
The AWE whole body monitoring facility routinely 
measures, usually annually, the incorporated radioactivity 
of AWE employees who work with unsealed radioactive sources 
or who work in, or regularly visit, areas containing 
unsealed sources 1 • The majority of the measurements are 
primarily looking for lung deposits of radioactive 
materials, although some measurements are made for deposits 
in other organs, and in wounds. 
AWE has two low-background shielded rooms for in-vivo 
1. There are some radionuclides that are not detectable using in-vivo measurements (eg. tritium) and personnel working with 
only these sources do not undergo in-vivo measurements. 
12 
counting. Each room is constructed of 150 mm thick pre-1945 
steel, lined with 10 mm of aged lead. 
The first shielded room contains two 200 mm diameter 
phoswich detectors above the couch and four 160 mm·diameter 
thallium-activated sodium iodide detectors below the couch. 
The two phoswich low-energy photon detectors are placed over 
the lungs of the supine subject and the four Nai ( Tl) 
detectors are used for estimating subject background and 
for looking for high energy pI r emitters. 
The second shielded room contains two arrays of 
germanium detectors that are placed over the lungs of the 
subject and four Nai(Tl) detectors, similar to those in the 
first shielded room, under the bed. Each of the arrays 
contains six hyper-pure germanium planar detectors, each 
with an effective area of 1500 mm2 • 
The phoswich detection system (installed in 1979) is 
getting old and unreliable and it is intended that it will· 
soon be replaced with a new system. Experience with the 
· germanium system has shown that, although the ､･ｴ･｣ｴｯｲｾ＠ have 
many desirable qualities, the housing of several detectors 
in one vacuum containment cryostat leads to maint·enance 
difficulties. The major drawback of this arrangement is that 
the failure of one detector necessitates the return of the 
whole unit of s·ix detectors for repair. With this experience 
in mind it was decided to purchase several individual 
germanium detectors to replace the present phoswich 
detection system. 
The low energy N-type coaxial detectors (active volume 
4000 mm3 ) purchased have small-diameter "organ-pipe" liquid 
' nitrogen dewars that allow the close-packing of detectors. 
It is anticipated that up to eight of these detectors will 
be used to monitor the lungs of the AWE work-force in the 
future. 
The small active diameter of these detectors (51.5 mm) 
and the greater flexibility with their positioning has led 
to consideration being given to the most effective detector 
13 
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geometry. One of the aims of this study was to define the 
most effective counting geometry for this new detection 
system. 
2.1.2 Radionuclides of Interest 
The range of radionuclides present at AWE is wide but, 
in general, for in-vivo monitoring purposes and for the 
majority of the work-force only three specific 
radio-isotopes are of interest. These are:-
(1) Americium-241 
The Uranium L X-rays (average energy 17 keV) used for rnpu 
assessment have a low emission probability and are highly 
attenuated within the chest wall 2 • For this reason 241Am 
(formed by the decay of 241Pu) is used as a "tracer" for 239Pu. 
The 241Am is measured by means of its 59.5 keV r-ray. 
(2) Uranium-235 
235U is measured by means of its 186 keV ·r-ray. 
(3) Uranium-238 
238U is measured by means of its 6 3 keV and 9 3 keV r-rays. 
To quantify internal deposits of these radionuclides, 
calibration data is required for the specific radionuclide 
and photon emission. 
2.2 Detector Calibration 
Detector systems used for in-vivo counting are usually 
calibrated by reference to the response obtained when 
counting an anthropomorphic phantom containing organs 
labelled with a known amount of the radionuclide of 
interest. The phantom must be anatomically realistic and its 
relevant organs and "tissues" must be made of materials with 
the correct attenuation properties if this calibration 
process is to be valid. 
2. The X-rays will also undergo self absorption within the inhaled particles which will increase with particle size. For particles of 
a respirable size, however this effect is insignificant (less than 1 % of the emitted X-rays) compared with absorption within the 
hmgs and chest wall. 
14 
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Several phantoms have been developed 'in-house' by 
various laboratories with varying degrees of success. The 
phantom developed by the Lawrence Livermore National 
Laboratory (in the USA) and later commercially produced by 
Humanoid Systems Incorporated has been widely accepted as 
the best calibration phantom currently available for in-vivo 
counting. 
2.2.1 The Lawrence Livermore National Laboratory (LLNL) 
Phantom 
The LLNL anthropomorphic phantom is constructed of 
polyurethane with calcium carbonate added in the 
concentrations necessary to give the correct attenuation 
properties for the tissues of interest (10). 
The LLNL phantom's measurements are based on a male 
subject 1.77 m tall and weighing 76 kg. It represents a 
torso extending from the neck (the 5th cervical vertebra) to 
the mid abdomen (the 4th lumbar vertebra). It includes a stub 
neck and stub arms (see Figure 2.1). The torso shell has 
embedded in it a sternum, rib cage and vertebrae, all of 
which are made of bone equivalent material. The phantom's 
inner cavity contains tissue equivalent lungs, heart and 
liver, together with material that simulates other thoracic 
organs and body fluids (see Figure 2.2). 
A cover containing simulated ribs fits over the 
phantom's cavity. This cover produces a mean anterior chest 
wall thickness in the vicinity of the lungs of 16 rom. To 
simulate the wide range of statures seen in male radiation 
workers close fitting chest plates of various thicknesses 
may be overlaid on the phantom. Three sets of overlays are 
available, each simulating a different chest wall tissue 
composition: 100% muscle, 50% muscle; 50% adipose, 13% 
muscle; 87% adipose. These overlays completely cover the 
phantom's anterior chest wall, providing a range of 
chest-wall thicknesses from 16 to 41 rom. The phantom's cover 
plate and all of the overlays have surface markings to aid 
detector positioning in order to improve measurement 
15 
reproducibility. 
Simulated organs are labelled with a uniform 
distribution of the radionuclide of interest during the 
production process. Phantom lungs, liver and 
tracheobronchial lymph nodes containing various 
radionuclides are commercially available but AWE has also 
developed a formula for producing its own labelled 
"lungs" ( 11) . 
2.2.2 Other Calibration Phantoms 
Although several other calibration phantoms have been 
developed by various laboratories the one produced by the 
Japan Atomic Energy Research Institute ( JAERI) is of 
particular interest. 
The LLNL phantom has been criticised for being somewhat 
barrel-chested. The cross-sectional thickness at the Xiphoid 
Process (the bone and cartilage extension at the base of the 
sternum, see Figure 2.3) being considerably greater than 
that seen in human subjects with a similar chest-wall 
thickness (12). This results in the lungs of the phantom 
being larger than those of the subjects being calibrated 
for. This difference is more significant for smaller sized 
individuals. 
The JAERI phantom was designed to correspond to the 
physique of an average male Japanese (1.69 m tall and 
weighing 63.5 kg) and its smaller size led to it being 
considered as an alternative phantom for calibrating for 
subjects of a smaller build3 • 
The phantom is constructed of polyurethane with small 
amounts of an ester of phosphoric acid added to provide 
tissue-equivalent attenuation properties (13). The phantom 
walls contain a human skeleton and, like the LLNL phantom, 
its central cavity contains removable organs. Three series 
of chest plates are available to simulate various chest-wall 
3. This may not actually be appropriate due to anatomical differences between caucasian and Japanese subjects. 
16 
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thicknesses (from 18.7 to 35.1 mm) and compositions (10%, 
20% and 30% adipose content). 
There are two shortcomings in the JAERI phantom 
design (14). Firstly the radioactive loading of the organs 
for calibration purposes is achieved by introducing a matrix 
of point sources, rather than dispersed activity, and 
secondly the lung material is not tissue equivalent at 
17 keV. 
The JAERI phantom was made available to us for the 
purposes of this study, together with the moulds used by 
JAERI to produce the original lungs. In return a new formula 
was developed for producing polyurethane lungs containing 
uniformly dispersed activity, and having good attenuation 
properties at 17 and 59.5 keV (see Appendix B). 
2.2.3 The Calibration Process 
During calibration measurements the appropriate 
labelled organs are placed in the phantom and the chest 
plate is replaced. Spectral data are then acquired with the 
phantom in the same counting geometry as employed when 
measuring human subjects. The places of the other thoracic 
organs are all taken by "blanks" (artificial organs with the 
same form and properties as active organs but with no 
radioactive label). A series of measurements are made with 
and without the overlays in position. 
The total net count in one or more specific spectral 
regions (the same regions as those used for the analysis of 
subject spectra) are then used to find a relationship 
between the net count rate per becquerel of activity and the 
phantom's chest-wall thickness4 - the calibration equation. 
During routine measurements of personnel at AWE the 
subject's chest-wall thickness and composition are measured 
4. For simplicity, when calibrating for liver deposits the average liver depth is taken to be the same as the arithmetic average 
chest wall thickness and, fot· subjects who are not overly obese this has pt·oven to be a justified approximation. 
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using an ultrasonic scanner5 • With this accurate measurement 
of a subject's chest wall thickness a Calibration Factor 
(the count rate expected per becquerel of activity in the 
organ) can be calculated from the calibration equation. 
Using this calibration factor the count rate obtained for a 
subject can be converted into a value for the activity 
deposited in the organ of interest. 
2.2.4 Sources of Error in the Calibration Process 
The main sources of error in the in-vivo measurement 
process are associated with the counting procedure itself. 
The poor statistics inherent in low level counting lead to 
large uncertainties in the measurement results. This 
situation is heightened by interference in the count caused 
by natural background radiation. 
There are errors, however, associated with the 
calibration process. Uncertainties due to variations in 
detector positioning can be minimised by performing 
calibration measurements on more than one occasion, and 
taking average values of the results. Statistical 
uncertainty in the calibration count can be reduced to an 
acceptable level by selecting suitable count times. There 
has been experience in the past of phantom organs not 
containing the correct or expected amount of activity and 
efforts have been made to ensure that polyurethane organ 
activities are known as accurately as possible. It is 
assumed during the calibration process that the anatomy 
(physique, lung size and bone size and position) of the 
subject will be identical to that of the phantom. As 
discussed in section 2.2.2 this assumption may not always be 
valid, particularly for small subjects, and differences in 
lung size have been shown to alter the calibration factor 
substantially (2). It is believed, however, that the most 
5. In practice this measurement is only canied out on a subject's first visit and if a significant change in chest wall thickness is 
likely (if the subject's weight has changed by greater than8%). 
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significant error in the calibration process is that caused 
by the assumption of uniform radioactivity distribution in 
the human lung. It is this aspect that forms the main 
driving force for the subject of this thesis. 
2.3 Factors affecting Aerosol Distribution 
Following the inhalation of an aerosol the particle 
distribution in the lung at a set time post-exposure will 
depend on the deposition pattern, material relocation, and 
the clearance pattern. These three factors will depend upon 
the physical properties of the respiratory airways, the 
physical and chemical properties of the aerosol, and the 
various mechanisms involved. 
2.3.1 Anatomy of the Respiratory Airways 
For the purposes of radiological protection it has 
often proven convenient to divide the respiratory tract into 
three regions (15). These are the Nasopharyngeal (N-P), the 
Tracheobronchial (T-B) and the Pulmonary (P) regions (see 
Figure 2.4). 
2.3.1.1 The Nasopharyngeal Region 
This region extends from the nostrils to the larynx 
(including the oral passages). The first third of the nasal 
passage (vestibule) is lined with skin containing long, 
strong hairs. These hairs provide an effective filtration 
system, removing particulate from the air-stream. The 
remaining two-thirds of the nasal passage are rich in cilia 
(hair-like protrusions from the surface of the cells lining 
the airway) and are lined with a mucus layer. 
The airways of the nasopharyngeal region not only 
conduct air but are also involved in air-conditioning 
(humidifying and warming), filtration of particulate, 
swallowing, smell and speech. 
Most people breathe primarily through their nose, 
although habitual mouth breathing is not unknown. There are 
also times when everyone breathes through their mouth, when 
talking or working hard, for example. The mouth offers less 
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impedance to the passage of air but its filtration and 
conditioning properties are not as good as the nasal 
entrance. 
2.3.1.2 The Tracheobronchial Region 
This region consists of the tracheobronchial tree, 
extending from the larynx down to, and including the 
terminal bronchioles (see Figure 2.4). These airways are 
responsible for conducting air to and from the functional 
areas of the lung for gas exchange. 
The largest airway, the trachea, divides into two 
bronchi, one serving each lung. These bronchi themselves 
branch into three bronchi on the right (one for each lobe of 
the lung) and two on the left. There are over 20 of these 
airway "generations" (see Table 2 .1). The lining of this 
region is also ciliated and largely covered in mucus. 
2.3.1.3 The Pulmonary Region 
The Pulmonary region consists of the respiratory 
bronchioles, alveolar ducts, alveolar sacs, atria, and 
alveoli (see Figure 2.4b). There are in the order of 3 x 108 
alveoli in the lungs, with a total surface area averaging 
143 m2 • It is here that gas exchange takes place, oxygen in 
the inhaled air being exchanged for carbon dioxide in the 
blood. The airway surfaces in this region are not ciliated, 
nor covered in mucus although there is a lining fluid. The 
pulmonary region contains mobile cells (macrophages) that 
engulf foreign bodies. 
2.3.2 Lung Physiology 
The factors that govern aerosol deposition in the lung 
(17) include lung volumes, flow rates, airway obstruction, 
regional ventilation (determined by -gravity) and local 
ventilation. 
The common nomenclature used for lung volumes is shown 
in Figure 2.5, with characteristic values for an adult male. 
The total and vital capacities increase with age up to about 
25 years and then decline. The tidal volume will be subject 
dependent and will also depend on the level of activity, as 
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will the breathing frequency. Various lung diseases also 
affect the lung volumes. 
The flow rate of the air through the respiratory tract 
will depend upon the breathing frequency and the tidal 
volume. It also varies between the different airways. Since 
the whole of the tidal volume passes through the nasa, the 
pharynx, larynx and trachea the velocity of flow is high in 
these airways (and not wholly laminar). Secondary eddies and 
further turbulence are caused by increased flow rates (such 
as during exercise). 
The air velocity falls progressively from the main 
bronchi onwards as the total cross-sectional area of 
subsequent divisions increases. By the time it reaches the 
terminal ventilatory units the ·velocity of the air has 
fallen to a fraction of a millimetre per second. 
2.3.3 Important Aerosol Properties and Useful Nomenclature 
For perfectly spherical particles the diameter of the 
particle can be used to define the particle unambiguously. 
However, generally particles encountered outside the 
laboratory are irregular in shape. For these particles there 
are several ways of defining the particle in terms of an 
'equivalent size'. Which of these methods is used depends on 
the purpose of the information and the means available to 
measure or calculate the 'size'. 
In terms of airborne particle behaviour probably the 
most useful way of defining a particle is the use of an 
'aerodynamic diameter' . This is the diameter of a unit 
density sphere with the same gravitational settling velocity 
as the particle. 
Very rarely in practice do aerosols exist that consist 
of particles of all one size. These 'monodisperse' aerosols 
are usually only encountered in the laboratory. More 
generally aerosols are made up of particles of many 
different sizes and are referred to as 'polydisperse'. For 
polydisperse aerosols it is appropriate to talk in terms of 
distribution functions for particle size. In these cases an 
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aerosol will often be characterised using a median 
aerodynamic diameter. 
The two median aerodynamic diameters most frequently 
referred to in this report are the Mass Median Aerodynamic 
Diameter (MMAD) and the Activity Median Aerodynamic Diameter 
(AMAD). Definitions of these two terms are given in the list 
of acronyms and abbreviations on page 7. Unless otherwise 
stated the particle diameters quoted in this report are 
aerodynamic diameters. 
2.3.4 Mechanisms of Aerosol Deposition 
There are five mechanisms by which significant particle 
deposition occurs within the respiratory tract. These are 
interception, impaction, sedimentation, diffusion and 
electrostatic precipitation. However, in most cases only 
impaction, sedimentation and diffusion are important. 
2.3.4.1 Interception 
Interception occurs when a particle moves close enough 
to a surface for an edge to make contact with the surface. 
Thus the particle size must be a significant fraction of the 
airway diameter. In practice interception is only a 
significant mechanism for long fibrous particles. 
2.3.4.2 Impaction 
The inhaled air changes direction many times . in its 
tortuous route through the nose or mouth and branching 
airways. With each change of direction the momentum of any 
particles carried in the air-stream will tend to keep them 
on their pre-established path. This can cause them to impact 
on the airway surfaces. 
The probability of impaction will depend on the airflow 
velocity, the level of turbulence, the location of the 
particle in the air-stream, the particle size and the 
branching angle of the airways. Thus impaction becomes 
predominantly important as the particle size or the air flow 
rate increase. 
2.3.4.3 Sedimentation 
The gravitational settling or sedimentation of 
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particles depends upon the airflow velocity, the aerodynamic 
diameter of the particles and the diameter of the airway. It 
is an important deposition mechanism in the smaller bronchi, 
the bronchioles and the alveolar spaces where the· airways 
are small and the air velocity low. Sedimentation becomes 
less effective than diffusion for particles below 
approximately 0. 5 pm ( 19). 
2.3.4.4 Diffusion 
Submicron particles in air undergo Brownian motion 
caused by the impact of gas molecules. This movement can 
lead to the particles being deposited on the airway walls. 
'This random motion increases with decreasing particle size 
and hence is only an important deposition mechanism for very 
small particles. 
2.3.4.5 Electrostatic Precipitation 
Charged aerosol particles with high electric mobility 
can display enhanced deposition. even though no external 
field is applied across the chest. Deposition results from 
image charges induced on the surface of the airways by the 
charged particles. Most ambient aerosols reach charge 
equilibrium and thus the deposition due to charge is usually 
small compared to the preceding mechanisms. 
2.3.4.6 Characteristic Total and Regional Deposition 
There is a la-rge subject-to-subject variation in 
aerosol penetration into the lungs, predominantly due to 
anatomical differences between subjects (40). Therefore all 
of the figures quoted in the following text are 
approximations. 
The total deposition· has a minimum value at 
approximately 0.5 pm where there is no efficient mechanism 
for deposition in the respiratory system. At particle 
diameters greater than this .the total ｾ･ｰｯｳｩｴｩｯｮ＠ increases 
with increasing aerodynamic diameter and for particles 10 JJ.m 
in diameter 88% of the material is deposited (22). 
Impaction is the predominate deposition mechanism for 
large particles (those with aerodynamic diameters above 
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3 pm). These particles will generally be deposited in the 
large airways and very few will ever reach the pulmonary 
region. 
For particles between 1 and 3 #m both sedimentation and 
impaction are important mechanisms (21) with particles being 
deposited in the small airways and pulmonary region. 
Pulmonary deposition predominates for particles with 
aerodynamic diameters in the approximate range 0.1 to 3 ｾｭＮ＠
Small particles reaching the pulmonary region of the 
lung have a high probability of being exhaled without 
deposition. Therefore maximum pulmonary deposition occurs at 
approximately Ｓ ﾷ ｾｭ＠ for mouth breathing and 2.5 ｾｭ＠ for nose 
brea thing6 • 
2.3.5 Clearance ·Mechanisms 
Wherever a particle deposits in the respiratory tract 
material may be absorbed into the bloodstream. Via this 
route it may be excreted or deposited in other tissues. For 
soluble particles this absorption will generally take place 
quickly. Thus the clearance mechanisms described here.apply 
to a greater extent to insoluble particles. 
2.3.5.1 Nasopharyngeal Clearance 
Particles deposited in the anterior nares are removed 
mechanically by nose wiping, blowing and sneezing. Insoluble 
particles that deposit in the ciliated nasal passages are 
propelled, together with the mucus lining, towards the 
pharynx by the beating cilia. A small amount of mucus will 
also move forwards into the anterior nares. 
Particles deposited in the nasopharynx or in the 
oropharynx are generally swallowed. Particles deposited in 
the larynx are also rapidly carried up to t _he oesophagus in, 
or on, the mucus layer. 
Residence times for particles in . this region may be 
6. Early estimates of the aerodynamic diameter at which maximum pulmonary deposition occurred put the figure much lower at 
lpm. 
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very short. However, concentration build-up on some of the 
surfaces can be high and may exceed the capacity for 
clearance. 
2.3.5.2 Tracheobronchial Clearance 
The tracheobronchial tree is ciliated all the way down 
to the terminal bronchioles and the insoluble particles 
deposited in this region are predominantly removed by 
mucociliary action. The cilia "beat" the mucus layer that 
lines the airways up towards the throat to be swallowed, 
carrying deposited particles with it. The mucus velocity is 
lowest in the smallest, most distal airways and increases as 
the trachea is approached. The thickness of the mucus layer 
also increases from the distal airways to the trachea. The 
mucus layer can become sparse or absent in the terminal 
bronchioles (23), which inhibits mucociliary clearance from 
these airways. 
Although generally most particles will be cleared from 
the tracheobronchial region within a few hours some 
particles deposited in the small airways can take up to two 
days to clear (24). A small fraction may also fail to clear 
by mucociliary action and become embedded in the airway 
walls. 
2.3.5.3 Pulmonary Clearance 
There is no cilia driven mucus flow in the pulmonary 
region although the alveolar lining fluid may flow into the 
ciliated airways to a certain extent. 
Some very small particles can cross directly into the 
bloodstream but most particles are removed by mobile cells 
called macrophages. These cells engulf particles within a 
few hours of their deposition and eventually convey them 
either to the ciliated airways (for removal by mucociliary 
action) or to the lymphatic system. 
Macrophage clearance is a slow process and the mean 
residence time for an insoluble particle in the pulmonary 
region is about a year. Particles removed from the pulmonary 
region to the lymphatic system may be retained in regional 
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lymph nodes for a considerable length of time. 
2.3.6 The Effect of Exercise on Deposition and Clearance 
During extreme exertion the higher flow resistance 
offered by the nasal passage causes a shift to mouth 
breathing in almost all people. Due to the lower efficiency 
of the mouth at filtering particles from the air-stream a 
higher proportion of the particles reaches the 
tracheobronchial tree. 
The increased flow velocity induced during exercise 
leads to an increase in the deposition due to impaction in 
the larger airways. There are indications, however, that 
this high tracheobronchial deposition clears within four 
hours of inhalation (25). After this time the whole lung 
clearance is similar to, or slightly less than normal. 
2.3.7 Specific Considerations for the Aerosols of Interest 
Plutonium and uranium readily oxidise or ignite in air 
at temperatures below red heat. The oxides of the metals are 
extremely insoluble but other chemical forms are 
considerably more soluble. In general the chemical and 
physical properties of any uranium or plutonium aerosol will 
depend on the production processes the metal has been 
subjected to and the process by which the aerosol was 
formed. 
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Table 2 .1 · 
Functional Airways Size according to the Weibel Lung Model (16) and Classification 
Generation Diameter Total ｃｲｯｳｳＭｓｾ｣ｴｩｯｮ｡ｬ＠ Classification of Airway l 
Number (em) Area (em ) I 
0 1. 8 . 2.54 Trachea 
1 1.22 2.33 
2 0 0 83 I 2.13 Large 
3 0.56 2.00 Airways Bronchi 
4 0.45 2.48 ( > 2 .mm) 
5 0.35 3.11 
6 0. 28 3.96 
'J 0.23 5.10 Conductive Small 
8 0.186 6.95 Zone Bronchi 
9 0.154 9.56 
10 0 .130" 13.4 
11 0.109 · 19.6 Small 
12 0.095 28.8 Airways 
13 0.082 44.5 ( < 2 mm) Bronchioles 
14 0.074 69.4 
15 0.066 113. 
16 0.060 180. 
17 0.054 300. Respiratory 
18 0.050 534. Bronchioles 
19 0.047 944. 
20 0.045 1600. · Transitory 
21 0.043 3220. Zone Alveolar 
22 0.041 5880. Ducts and Sacs 
23 0.041 11800. 
Respira.tory Zone 
' 
, 
Figure 2. 1: The LLNL Phantom Used for System Calibration 
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Figure 2.2 : The LLN L Phantom With Chest- Plate Removed 
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CHAPTER III 
EXPERIMENTAL PLANNING 
3.1 Consideration of the Experimental Method 
Accurately identifying the whereabouts and quantity of 
material deposited in the human body is often quite 
difficult. Although the use of radioactive tracers in 
medicine has become quite common these tracers are usually 
very short lived and are only administered if the benefit to 
the patient out-weighs the risks involved. The 
administration of materials carrying a radioactive label to 
human subjects for the purpose of scientific experiment is 
much harder to justify. 
For the purposes of quantifying inhaled radioactive 
materials, if there were no ethical objections it is 
possible to conceive of straightforward practical tests, but 
because it is generally undesirable to ask human subjects to 
inhale radioactive aerosols, other methods were considered. 
3.1.1 Magnetopneumography 
An alternative to the use of radioactive tracers in 
determining lung deposits is the use of ferromagnetic 
particles. This process, magnetopneumography, has found 
limited employment in lung studies, either when magnetic 
dust is inhaled involuntarily as a consequence of the 
occupation of the subject (26) or inhaled deliberately as a 
tracer (27). 
The process involves the inhalation of a ferromagnetic 
aerosol (usually magnet.i te - Fe30 4 ) • The detection of the 
particles deposited in the lung is then quite simple. The 
particles are first magnetised with an external magnetic 
field, usually supplied by a pair of coils. For the purposes 
of most studies these electromagnets are large enough to 
provide a uniform D.C. field over both lungs. The field is 
applied for a sufficient period for the particles to rotate 
and align in the viscous medium of the lung. 
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After the external field has been removed the remnant 
field due to the alignment of the magnetised particles 
decreases continuously as the particles move and rotate in 
the lung. However, at a known time after application of the 
external field the remnant field remains proportional to the 
amount of magnetite retained in the lungs and this remnant 
field can be measured using a sensitive magnetic detector. A 
Super-Conducting Quantum Interference Device (SQUID) is 
generally used to carry out the remnant field 
measurements, although more convenient but less sensitive 
flux-gate magnetometers can also be used. 
Magnetite is known to be harmless when inhaled in small 
quantities and the detection method is sensitive enough to 
allow the inhalation of very small quantities (in the order 
of a few milligrams). Magnetite is also insoluble in 
physiological fluids. For these reasons magnetopneumography 
has proved valuable in long term studies (27) where the use 
of aerosols with a radioactive label would be impossible 
without committing the participants to an unacceptable dose. 
Although biological tissues do not have any remnant 
magnetism (despite many organs containing iron atoms) 
magnetic interference may arise from external sources. 
Moving iron objects, such as cars and lifts, will produce 
magnetic disturbances. For this reason measurements of the 
remnant field are usually carried out in a magnetically 
shielded room. The subject is also required to wear clothing 
that contains no magnetic materials. 
Although most of the studies previously carried out 
using magnetopneumography have employed the homogeneous 
magnetisation method described above, a method of creating 
localised magnetisation has been developed (28). This method 
provides information on the spatial distribution of the 
inhaled particles. 
Localised magnetisation is achieved by using a much 
smaller coil to magnetise only a small region of the lung at 
a time. After measurement of the remnant field this region 
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is de-magnetised using a damped A. C. magnetic field. 
Measurements may also be repeated after superficial erasure 
to obtain information as to the relative depth of the 
magnetic source. This method thus allows mapping of the 
three dimensional distribution of material in the lung. 
3.1.1.1 Proposed Experimental Procedure 
The prospect of a number of subjects inhaling a 
monodisperse aerosol of magnetite was considered. The 
localised magnetisation method could then be used to map the 
three dimensional distribution of the aerosol in the lung 
for up to one year post-exposure. 
3.1.1.2 Problems Associated With the Use of 
Magnetopneumography 
There were several problems associated with the use of 
magnetopneumography for this application. 
Since the aerosol deposition pattern was almost certain 
to be particle-size dependent it was a requirement of the 
project that the aerosol used should be monodisperse and the 
aerodynamic diameter of the particulate should be known. 
This would ensure that the information gained from this 
project would have maximum use. 
Although the production of monodisperse magnetite 
aerosols had been reported ( 29) the process had, in 
practice, proved difficult to reproduce ( 30) due to the 
magnetic attraction between the particles. Thus the 
production of a monodisperse aerosol could not be 
guaranteed. 
The equipment required for the project, including the 
magnetising coil and remnant field detector proved to be 
very expensive. They would also be of no practical use to 
the department after the project had come to an end. 
Because of the location of the AWE(A) in-vivo 
monitoring facility, next to a main road, it was thought 
that the background magnetic interference would probably be 
too high for measurements without some form of magnetic 
shield (30). This would add considerable extra cost to the 
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project. 
If a SQUID was to be used for remnant field detection a 
supply of liquid helium would be required in order to cool 
the detector. Although the AWE(A) in-vivo monitor staff are 
accustomed to handling liquid nitrogen for cooling the 
germanium detection system the introduction of liquid helium 
into the building was considered an unwelcome additional 
difficulty. 
Some researchers (30) had reported problems with the 
localised magnetisation method. The magnetisation of small 
areas had proved difficult and the spatial resolution was 
not as good as was hoped for. The techniques used were being 
improved but there still appeared to be "teething trouble" 
with the process. 
In the light of all of these problems it was decided 
that magnetopneumography was not a viable option for use in 
this project and it was decided to continue with a method 
employing a radioactive label. 
3.1.2 Initial Proposals for an Experimental Radioactive 
Method 
It was proposed that human volunteers should inhale an 
aerosol labelled with a radioactive tracer. The distribution 
of material in their lungs would then be mapped using a 
collimated detector system for up to six months 
post-inhalation of the aerosol. 
3.1.2.1 Choice of a Radioactive Aerosol 
Obviously the choice of radioactive label for a study 
involving human subjects is very important. Apart from the 
demands on the properties of the radionuclide made by the 
experimental method itself, the consideration of subject 
dose is always of paramount importance. The use of isotopes 
that cause high localised damage (such as alpha-particle 
emitters) obviously can not be considered. Ideally no beta 
particles should be emitted by the isotope either, since 
these needlessly increase the radiation dose. Thus the ideal 
radionuclide for use in human inhalation experiments is one 
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that only decays 
toxicity of the 
consideration. 
via electron capture. 
material must also 
The biological 
be taken into 
Although the long term distribution of partic'ulate in 
the lung was of interest to us the use of a radioactive 
tracer limited the period over which the study could take 
place, since the use of longer-lived radionuclides would 
lead to a greater total dose commitment for the human 
inhalation volunteers. 
In order to improve the properties of the aerosol and 
to make aerosol production simpler it has been common in the 
past for the radioactive label to be .attached to some form 
of matrix material. The properties of the aerosol matrix 
material are also very important. The amount of leaching or 
dissociation of the radioactive label from the particles 
should be small. The matrix must also be non-toxic and must 
match the biological properties of the material that is to 
be "mimicked". Thus, in order that the results of this study 
could be applied to inhalation of a Pu02 aerosol the 
experimental aerosol used would have to be inert and 
insoluble in t)le biological fluids of the respiratory 
system. 
Yttrium-88 and Strontium-85 (see Appendix E for decay 
data) had both been successfully used previously for long 
term retention studies (32). These studies covered periods 
of up to 533 days ( 33) with reasonable dose equivalent 
commitments to the lungs (approximately 1.4 mSv). The Sr-85 
and Y-88 in these experiments had been incorporated into 
relatively monodisperse fused aluminosilicate particles 
(FAP) of diameters 1 and 4 J..l.'m respectively ( 34). 
Fused aluminosilicate has been shown 
properties required for such a project, 
physically and chemically inert and non-toxic. 
to have the 
being both 
It was recognised early on in this study that due to 
the strong dependence of aerosol deposition on particle size 
it would be desirable to study the distribu'tion of two 
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aerosols of different diameter. Aerosol ､ｩ｡ｾ･ｴ･ｲｳ＠ of 1 ｾｾ＠
and 5 ｾｭ＠ were chosen. 
The 1 ｾ ﾷ ｭ＠ diameter was chosen to reflect the ICRP 
recommendations ( 35) that a 1 ｾｭ＠ AMAD should be ass'umed for 
all dose calculations (unless the particulate size is 
actually known). The 5 ｾｭ＠ particle size was chosen as being 
aerodynamically typical of the Pu02 particles encountered 
during fuel-reprocessing in the United Kingdom (36). 
Consideration was given to using a single group of 
volunteers, who would inhale an aerosol containing particles 
of both sizes. Labelling the two particle sizes with 
' . 
different radionuclides (which emit at different photon 
energies) would allow the independent assessment of the 
distribution of each particle size. This arrangement, 
however, would require a further compromise between subject 
dose and measurement accuracy. Maintaining the dose to each 
subject at the same level would result in an increase in the 
statistical uncertainty of each measurement. It was 
therefore decided to use two groups of subjects'· one 
inhaling a 1 pm and the other a 5 pm aerosol. 
The gamma ray emissions from the radioactive label 
chosen would desirably have sufficiently high energy 
(ideally > 100 keV) that they would not be significantly 
attenuated by the materials of the chest wall. This would 
allow regional variations in count due to differences in 
attenuation to be ignored. Both Sr-85 (gamma energy 514 keV) 
and Y-88 (gamma energy 898 and 1836 keV) have sufficiently 
energetic emissions to comply with this criterion. The 
gamma-ray energy, however, should also be low enough 
(ideally < 300 keV) to minimise the amount of radiation 
shielding required for collimation purposes. Because of the 
higher energy of the emissions·from Y-88 it was recognised 
that the effective collimation of the detectors to achieve 
good spatial resolution would be difficult. 
If you assume a "typical" subject anatomy1 then 62 % of 
the 514 keV gamma-rays from Sr-85 will be transmitted 
through the thorax. This figure increases to 69 % for the 
898 keV and 77 % for the 1836 keV gamma-rays from Y-88. If, 
however, you consider the thickness of lead required to 
provide adequate collimation (e.g., to attenuate the gammas 
by 95 %) for the 514 keV gamma this is 1.7 em, at 898 keV 
the figure is 3.4 em and at 1836 keV 5.6 em. Because of 
these difficulties in collimating the higher energy 
gamma-rays the lower energy of the gamma emissions from 
Sr-85 were considered experimentally much more desirable. 
Sr-85 additionally has the advantage of decaying by electron 
capture alone (see Appendix E) whereas Y-88 also decays by 
p+ emission, although the {3.+ yield is small (0.21 %) and 
would not greatly increase tissue dose. 
3.1.2.2 Inhalation Procedure 
Due to a lack of equipment and background experience in 
the production and administration of radioactive aerosols to 
human subjects it was decided to seek guidance, or to 
contract out this part of the experimental project. The 
N. R. P. B. ( 3 7) , who had previous experience of producing 
Sr-85 and Y-88 labelled aerosols for human inhalation 
experiments, were contacted and it was suggested that a 
collaborative study should be undertaken, with the N.R.P.B. 
providing particle preparation and administration as their 
contribution to the study. 
Consideration was also given to the breathing pattern 
of the subjects during inhalation. Exercise is known to 
produce drastic changes in the regional ventilation and 
perfusion of the lung (38, 39) and for this reason it was 
decided that, if possible, some of the subjects should 
1. It has ｢･･ｾ＠ assumed that the ｧ｡ｭｭ｡ｾｲ｡ｹｳ＠ will be attenuated by between 0 and 10 em of lung (5 em bas been taken as an 
average). They will then be attenuated by 2.5 em of muscle and 0.5 em of adipose. Some of the ｧ｡ｭｭ｡ｾｲ｡ｹｳ＠ will also be 
attenuated by 1 em of bone (ribs) which has been assumed to cover 50% of the anterior chest. 
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inhale the aerosol during exercise. Another group of 
subjects would inhale at rest, using a natural, relaxed 
breathing pattern. These two conditions aimed to simulate 
emergency situations involving a hastened egress from 
buildings and normal working conditions, respectively. 
The practical difficulties of subjects inhaling aerosol 
whilst exercising were discussed with the N.R.P.B. (37) and 
it was concluded that this should be achievable if a 
stationary exerciser (such as an exercise bicycle) was used. 
3.1.2.3 Subject Dose 
The aim was to keep the committed effective dose 
equivalent (CEDE) for each subject below 0.1 mSv. However, 
it was recognised that a larger lung deposit may be required 
to provide adequate counting statistics for the detection 
system chosen. It was thus intended to keep the dose as low 
as the detection system would allow and, under all 
circumstances below the annual limit for a Category One 
experiment of 0.5 mSv (40). Below this limit the committed 
effective dose equivalent is within the variations in 
effective dose equivalent from natural background radiation 
received by a person annually. 
To keep the CEDE below 0.1 mSv the initial pulmonary 
deposit (IPD) would have to be below 20 kBq for Sr-85 and 
below 3 kBq for Y-88 (see Table 3.1). The higher permissible 
lung deposit for Sr-85 combined with the more desirable 
nature of its gamma emissions (see section 3.1.2.1) led to 
Sr-85 being selected for all measurements (despite its 
shorter half-life). 
The amount of particulate that each subject would 
inhale was also proposed to be small. An inhalation of 
approximately 14 ｾｧ＠ of the 1 ｾｭ＠ particles and 57 ｾｧ＠ of the 
ｓｾｭ＠ particles would be required. These quantities ean be 
compared with 50 ｾｧ＠ of dust inhaled in an average working 
day and 10-15 mg of tar inhaled from one cigarette. 
3.1.2.4 Subject Selection 
All of the subjects chosen for the study would have to 
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be volunteers selected from the AWE(A) work-force. They 
would all have to have sufficient background knowledge of 
radiation physics and the biological effects of radiation to 
give their informed consent to take part in the study. 
All of the subjects would have to be heal thy, with 
normal lung functions. Although smoking is known to affect 
the initial deposition pattern of inhaled particulate (42) 
all of the subjects for this study would need to be 
non-smokers. This is due to concern that the often increased 
and unpredictable retention time for particles in the lungs 
of smokers (27) leads to an increased risk. 
It was expected that for particulate of a particular 
aerodynamic diameter the distribution in the lungs of female 
subjects would be significantly different to that in the 
lungs of male subjects. This is mainly due to differences in 
airway diameter in the two sexes. Despite this, it was 
decided to limit this particular study to male subjects in 
order to reduce the size of the project to a manageable 
level, and to reduce the number of volunteers needed. 
Although the number of female monitored radiation workers at 
AWE(A) is increasing, at present the female workers still 
only amount to approximately 10% of the total monitored 
work-force. 
It was intended to try to match the age and size 
distribution of the subjects to that of the work-force at 
AWE(A). To this end the age and arithmetic average 
chest-wall thickness (the lung depth - see chapter 4) of 
each of the monitored radiation workers at AWE(A) were 
ascertained. The age distribution of these AWE(A) employees 
is shown in Figure 3 .1. From this diagram it can quite 
clearly be seen that the distribution is double-peaked. The 
first peak occurs at approximately the age of 26 and the 
other peak at approximately the age of 58. 
It was decided to concentrate mainly on the age-range 
indicated by the first peak, and to seek subjects 
predominantly between the ages of 21 and 45. It was felt 
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that if age-related differences in the distribution of 
particulate in the lung did occur, an accurate knowledge of 
the distribution would be more important for the younger age 
group. Because of the delayed development of some radiation 
induced effects, and the possibility of genetic damage it 
was believed that a more accurate assessment of the ｾｵｮｧ＠
burden, and hence the committed dose would be of greater 
benefit to the younger radiation workers. 
The distribution of the chest-wall thicknesses of the 
AWE(A) monitored radiation workers is shown in Figure 3.2. 
The distribution peaks at approximately 30 mm and over 87% 
. . 
of the distribution lies between 22 mm and 40 mm. It was 
therefore decided to aim at obtaining volunteers with 
chest-wall thicknesses between these limits. 
It was envisaged that 24 volunteers would be needed for 
the study. These volunteers would be split into four equally 
sized groups as follows:-
Group 1 
1 J..lm aerosol 
inhaled at 
rest 
Group 2 
1 J..lm aerosol 
inhaled during 
exercise 
Group 3 
5 J.l.m aerosol 
inhaled at 
rest 
Group_4 
5 J..lm aerosol 
inhaled during 
exercise 
For each of these subjects the distribution would be 
mapped for six months post-inhalation. This would be 
achieved with 13 sets of measurements scheduled for the day 
after inhalation and then 1, 2, 3, 4, 6, B, 10, 12, 14, 18, 
22, and 26 weeks after inhalation. 
It was proposed a pilot study should be completed with 
six of the 24 subjects in order to assess the proposed 
experimental method and ihvestig.ate any possible 
improvements. 
3.1.3 Revisions to the Experimental Method 
In September 1986 a document outlining the proposals 
for this study was prepared and submitted for consideration 
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by higher management at AWE(A). The proposals described the 
experimental ·procedure detailed in the previous section. 
Because of the political sensitivity of conducting human 
inhalation studies it soon became apparent that approval for 
the study would not be granted. 
At approximately the same time AWE(A) was approached by 
the AEA Harwell Laboratory concerning a proposed 
inter-calibration study involving human volunteers. AWE(A) 
had taken part in a previous study (43) and although we no 
longer had the capability of providing direct plutonium 
measurements (at 17 keV) for the purposes of the 
. . 
inter-calibration study it was recognised that the human 
volunteers may be of use in this study. 
In order that the results of the inter-calibration 
study could be compared with the results of the previous 
study (43) the experimental format was predetermined by that 
used in the first study. Unfortunately, this meant that the 
experimental method did not match the optimum procedure 
determined for our study, as discussed in section 3.1.2. 
The aerosol to be used was to be 1 pm in diameter to 
compare with the 5 pm aerosol used in the first study. 
Therefore our proposed measurements using a 5 pm aerosol 
would have to be removed from the experimental schedule. 
There would also be no opportunity to conduct any of the 
inhalations during exercise. All of the subjects would 
inhale at rest, using a natural breathing pattern. 
Seven of the eight subjects who were to take part in 
the study had already been chosen. Some of these subjects 
had taken part in the initial inter-calibration study and 
had been chosen to provide some continuity between the two 
projects. It was decided, however, that the eighth 
inhalation subject would be an "AWE(A) employee to allow us 
additional opportunities to measure this subject. 
The ages of the eight subjects are shown in Table 3.2. 
It can be seen from this table that the ages of four of the 
subjects ｦ｡ｾｬ＠ within the ag·e range originally identified for 
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the project. The ages of the other four of the subjects fall 
within the second peak identified in Figure 3.1. 
The aerosol itself was to consist of polystyrene 
microspheres labelled with Niobium-92m. This radioactive 
isotope decays by electron capture producing Zr K x-rays at 
15. 8 and 17 . 7 keV (see Appendix E) . These low energy 
emissions are similar in energy to those used for direct 
plutonium measurements in-vivo. Nb-92m can therefore be used 
to "mimic" plutonium for detector calibration purposes. More 
of interest to us for the purposes of this study are the 
gamma-rays emitted by Nb-92m at an average energy of 934 keV 
(99.15% abundance (44)). These gamma emissions were at a 
high enough energy for regional variations in attenuation 
due to the chest wall to be ignored. The penetrating nature 
of these high energy radiations would, however, cause 
difficulties in achieving adequate collimation of the 
detector system to produce good spatial resolution. 
Another setback with the use of Nb-92m is its short 
half-life ( 10.15 days) . This meant that the pro_posed 
duration of the subject measurements, post-inhalation, would 
have to be curtailed somewhat. It was intended that each 
subject would obtain an initial pulmonary deposit of 40 kBq 
of Nb-92m, leading to a CEDE of 90 psv. It was estimated 
from this figure that measurements would only be possible 
for a period of up to eight weeks post-exposure. There would 
also be limitations on the periods during that eight weeks 
when subjects would be available for AWE(A) measurements. 
Apart from the days when the subjects would be at Harwell, 
taking part in measurements there and, of course, their 
commitments to their usual duties at Harwell, seven of the 
eight subjects would spend approximately two weeks in the 
United States. This trip, a short time after inhalation, was 
to enable inter-calibration measurements to be undertaken at 
various US laboratories who also employ in-vivo ｭｯｮｩｴｯｾｩｮｧＮ＠
Despite all of the difficulties and shortcomings in the 
use of these subjects for our purposes it was decided to 
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continue with the study to gain as much information and 
experience as we could from measuring these subjects. It was 
envisaged that this might then constitute the planned pilot 
study for a later, more complete inhalation study along the 
lines of our original proposals. 
3.2 Equipment Design 
Having decided on the details of the experimental 
method to be used and the nature of the radiations to be 
detected, consideration could be given to the equipment to 
be used. 
3.2.1 Design Considerations 
Because of the high energy of the photon emissions to 
be detected the detectors chosen would have to display a 
relatively high detection efficiency at high energies. A 
good level of shielding and collimation would also be 
required in order to obtain any useful spatial information 
from the measurements. 
A reasonable level of equipment mobility was required 
to allow the accurate positioning of detectors for each 
subject. The subjects would also have to be comfortable 
during measurements because long count periods (greater than 
an hour) would be required and excessive subject movement 
would cause difficulties in the interpretation of the 
results. 
Because the equipment would have limited applications 
in the future routine operation of the AWE whole body 
monitoring facility its cost would have to be kept as low as 
possible. The overriding consideration, however, had to be 
the safety of both the inhalation subjects and the equipment 
operators. 
3.2.2 Detector Selection 
The restrictions on equipment cost led us initially to 
consider the equipment already available in the facility. 
The double phoswich detector system was obviously 
inadequate for our purposes. The physical size of the 
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detectors would make the acquisition of spatial information 
almost impossible. 
The germanium system routinely in use was a more viable 
option. The six detectors in each array were relatively 
small in active diameter (44 rom). Collimation of the 
detectors would also be possible. However, the direct 
collimation of the detectors was considered impractical. The 
arrays are constructed with the detectors and vacuum 
containment box supported over the subject on a 36 em long 
arm, which connects the detectors with the liquid nitrogen 
supply. It was considered that the connection of a heavy 
collimator system to the detector containment box would 
cause excessive stress on the connection arm. This did not, 
however, exclude the possibility of positioning the array 
over a collimator system that was independently supported. 
There was another drawback with the use of the germanium 
arrays, however. The detectors chosen would have to display 
a relatively high detection efficiency at high energies. 
With an active thickness of only 7 mm the detector crystals 
in the germanium arrays were expected to have a poor 
intrinsic efficiency at 934 keV. 
The third set of available detectors were the low 
energy co-axial germanium detectors that had been purchased 
for the new detector system. These detectors had a fairly 
small active crystal diameter (51. 5 rom) but the outside 
casing diameter ( 90 mm) would make the close packing of 
detectors and collimation difficult. There was also no 
adequate mounting system in existence for these detectors. 
Additionally, even with an active thickness of 19.8 rom these 
detectors were also likely to have a poor intrinsic 
efficiency at 934 keV. 
Consideration was also given to the possibilities of 
using a detector and collimation system at another 
establishment and, in particular the use of a gamma camera 
or some form of focusing collimator system. The detector 
crystals used in gamma cameras are not particularly thick 
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＼ｾ＠ 20 mm Nai(Tl)) but they have a much wider solid angle of 
acceptance due to their large diameter. 
Although gamma cameras are in quite widescale use in 
hospitals it was found that they were in almost constant 
use. The scheduling of measurements at our convenience would 
have been almost impossibl-e. Some hospitals ｾ･ｲ･＠ found to be 
in the process of renewing their equipment. Although this 
meant that second-hand equipment would have been reasonably 
easy to obtain the Whole ｂｾ､ｹ＠ Monitoring facility lacked the 
space to house this equipment, even for a relatively. short 
timescale. 
The availability of an inexpensive alternative to all 
of these systems was investigated. It was found that small 
Nai(Tl) detectors could be purchased at reasonable cost and 
that their performance was likely to be superior (for the 
purposes of this study) to the systems which were already 
available to us. Experience with these detectors elsewhere 
suggested that they would have an intrinsic ･ｦｦｩ｣ｩ･ｾ｣ｹ＠ in 
thi order of 10 % at 934 keV. Where one is dealing with a 
single radionuclide source, with a simple gamma spectrum, 
the poorer energy resolution of the Nai ( Tl) detector, 
compared with the ｧｾｲｭ｡ｮｩｵｭ＠ detector, is not so significant. 
It was decided to purchase four 3 em (diameter) by 
3 em (thickness) Nai(Tl) detectors. Three of the detectors 
would be in use for measurements at any one time, whilst the 
fourth detector act:ed as a spare in _case of failure. The 
demanding time schedule for measurements would mean that 
measurements could not be cancelled in the event of 
equipment failures. 
3.2.3 Basic Collimator Design 
Having selected the detectors to be used consideration 
was then given to the collimation system. One of the aims of 
this study was to assess the effect of the measured spatial 
distripution on measurements made with detectors that viewed 
a relatively large lung volume. Thus high spatial resolution 
was not a requirement of the study·· ｡ｮ､ ｾ＠ a· cdarse· :di-st·ribution 
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map would be sufficient for our purposes. However, the more 
detailed the information that was obtained the easier it 
would be to replicate the distributions obtained in computer 
models of the thorax. 
Initially we considered the use of a focusing 
collimator system. However further investigation suggested 
that their construction would be difficult and was likely to 
be expensive. It was also anticipated that, except for 
during the period immediately after exposure, the count 
rates obtained using these collimators would be insufficient 
to yield any useful information. 
It was decided to construct small cylindrical lead 
collimators with an outer diameter the same as the diameter 
of the detector casing. It was recognised that additional 
shielding around the detector crystal would be required and 
it was decided that a single solid block would be used. This 
would provide the additional shielding required and hold the 
detectors and collimators solidly in one position. A copper 
block (formerly part of one of the germanium arrays of 
detectors) was available in the department (dimensions are 
given in Figure 3.3). Additional drilling-out of the bore 
holes in this block provided a very snug collimator-detector 
fit. It was decided to arrange the three detectors that were 
to be used for measurements in a triangular configuration in 
the copper block. The construction of three easily removable 
copper cylinders to fill the three vacant detector positions 
gave the option of using all six positions without a loss of 
shielding properties (see Figure 3. 3) . The whole 
construction with lead collimators, copper fill cylinders 
and detectors weighed 23.3 kg. It was considered that at 
this weight limit the equipment could just be lifted and 
assembled by a single operator. 
Selection of the optimum centre-bore diameter for the 
collimators was important. It was desirable to keep the 
centre bore as small as possible to improve the spatial 
resolution of the system. However, it was recognised that to 
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keep count-times at a reasonable level, whilst maintaining 
acceptable counting statistics would also be a priority. In 
order to try to ascertain the best compromise solution a 
crude computer model of the lung-detector geometry was 
developed. The details of this model and the conclusions 
drawn from it are dealt with in section 3.3. 
3.2.4 Mounting System 
Some form of mounting system was necessary to enable 
the accurate positioning, and maintenance of equipment 
position during measurements. A simple fork lifting system 
had successfully been employed elsewhere at AWE for the 
support and transport of detection equipment. It was 
established that this equipment would be satisfactory for 
our needs with the addition of a detector platform designed 
specifically for the task (see Figure 3.4). 
The platform held the three detectors and collimation 
system rigidly in position for measurements but provided a 
high level of manoeuvrability for accurate detector 
positioning. The design also allowed the detector-collimator 
arrangement to be rotated through 180° to reverse the 
detector positions, providing a greater range of detector 
geometries. Studies using the Lawrence Livermore phantom and 
chest X-rays of each of the subjects showed that adequate 
lung coverage could be obtained using three geometries over 
each lung (see Figure 3.5). 
The platform could also be til ted (about axis A in 
Figure 3.4), raised and lowered (by means of the fork-lift 
winch system), and moved backwards and forwards by means of 
the fork lift being mounted on wheels. This allowed the 
accurate positioning of the equipment for each individual 
subject, whatever his shape or size (see Figure 3.6). 
The subjects were normally seated in a high-backed, 
padded chair. The chair was mounted on lockable eastors. 
This aided the positioning of subjects but held the subject 
in position during the measurements. The position of the 
monitoring equipment during measurements restricted subject 
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movement considerably, which further aided geometrical 
stability. 
3. 3 Collimator Size Selection - Preliminary Mathemat.ical 
Modelling 
The selection of appropriate collimator sizes required 
information on the expected count rate at various periods 
post-inhalation. The collimators should provide the best 
spatial resolution achievable whilst retaining a count rate 
that would provide acceptable counting statistics in a 
reasonable count period. In order to try to achieve this 
optimum design a simple mathematical model of the 
detector-lung counting geometry was devised. 
3.3.1 The Basic Model 
For simplicity we consider a single detector 
positioned above the centre of the anterior surface of 
a rectangular shaped lung (Figure 3.7a). A right cylindrical 
collimator of length l separates the detector face and the 
chest surface, which is located 3 em above the lung ｳｵｾｦ｡｣･Ｎ＠
The axes of the collimator and detector are identical 
( Figure 3 . 7 b ) • 
It has also been assumed, for simplicity, that the 
collimator is 100% efficient; i.e. it will prevent all 
radiation that does not pass through its centre-bore from 
reaching the detector surface. 
3.3.1.1 Lung Dimensions 
For the early stages of the mathematical modelling the 
lung was represented by a very simple geometric shape. It 
was taken to be a rectangular volume of height 18 em, width 
9 em and depth 17 em. These dimensions were chosen to 
crudely approximate the size and shape of a single lung. 
Figures 3.8 and 3.9 compare the · model to radiographs of two 
male subjects' lungs. Assuming that these were taken with 
the subject-film distance small, and the focus-film 
distance large the magnification should be minimal. The 
dimensions chosen also give a total volume for both lungs 
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(5508 cm3 ) close to that of 5750 cm3 quoted by the ICRP (34) 
for a 34 year old male. 
The lung volume was divided into small volume elements. 
The distribution of activity within the lung was assumed to 
be uniform so that each volume element contained the same 
amount of activity, given by 
activity =[ .element .volume (.cm3 ) J * total activity in lung 
Ctotal lung volume ( cm3 ) 
Each lung volume element was then assumed to appear to 
the detector as a point source. 
3.3.2 Detector Geometry 
Consider · a point source at P on the axis of, and a 
distance h from the detector face. A collimator of length 1 
and centre-bore radius a separates the two (Figure 3.10). 
Then, using the principle of similar triangles, the radius 
R of the projection of the end of ｾｨ･＠ collimator onto the 
detector face is given by 
a.h 
R=--. (h -1) 
Let us, for simplicity, assume that for a point P1 a 
distance p from the axis of the collimator (Figure 3.11) the 
projection of the end of the collimator onto the detector 
surface is still circular. Then the maximum distance of 
overlap o between the effective detector area 
projection of radius R is given by 
0 = 2a - l(p- a) . 
(h -1) 
It is clear. from Figure 3.12 that 
and the 
b =a+R-0-c ........... · ........................ (3.1) 
and, using Pythagoras' theorem 
a
2 
=b 2 +d 2 and 
R2 =c2+d2 
Combining these equations gives 
b2 -c2 = a2 -R2 
Combining equation (3.1) and this last equation gives 
(a+ R -0 -c )2 -c 2 = a2 - R 2 
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1 
thus 
2 
c=R+ 0 -2.a.O 
2(R+a -o) 
................................. (3.2) 
The application of this equation will become apparent later 
(see section (ii) below). 
The solid angle subtended by the collimated detector 
was calculated for two separate cases 
(i) point source off axis but less than a collimator 
radius a from the axis 
(ii) a distance greater than the collimator radius a 
from the axis. 
(i) Point source off axis by a distance p but p < a· 
The solid angle subtended by the detector can be 
calculated (54) by replacing the circular detector face with 
an equal-area polygon with an even number of sides, n. The 
methods developed in reference 54 were simplified by the use 
of a polygon which sits completely inside the area of the 
detector surface (see Figure 3.13). This reduced the 
accuracy of the results, and the extent of the reduction in 
precision has been assessed in section 3.3.3. 
Although reference 54 describes the mathematical 
reasoning for an un-collimated source, an understanding of 
the argument is required for the solid angle calculations 
for a source off axis by a distance p, where p > a (see 
section ( ii) below). For this reason, and because the 
simplifications adopted (see previous paragraph) alter the 
final equations, the basic steps have been covered again 
here. 
The solid angle subtended by a small area dA is given 
by 
h dx dy d!2= 3 
( h 2 + X 2 + y 2) 2 
the solid angle subtended by the area under the line JK (see 
Figure 3.13) but above the x axis is given by 
{J - Ik fmx+c h dx dy 
JK - x- j y=O ( h 2 + X 2 + y 2 )2 
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integrating this over y (reference 54) gives 
rk h(mx+c) dx 
OJK = J i(x2 +h 2}[(1 +m2)x2 +2mcx+c 2 +h 2 ]"2 
Evaluation of this integral ' (54) gives a final value for the 
solid angle subtended by the trapezium under. the ,lh side of 
,Qr = 2(Er -Fr) 
where 
( 3. 3) 
1 
( 2 2 2)-- h Xr + yl. +h 2 
Fr -arctan { 2 2) . 
mr Xr+h -xrYr •••••••••••••••••••• •• ••••••• •••• (3.4) 
This gives a total value for all the 
sides for any specified h ., R and p of 
(n-2)/2 
(n - 2)/2 non vertical 
!J(h,R,p)=2 l',(Er-Fr) 
r=1 •••• · •••••.••••••••.••••.•••••••••• (3.5) 
where the following relationships are true 
m =.tan[(n ＭＴｲＩｾｊ＠ · 
r 2n 
for 1 ::;;, ::;;(n -2) /2 
y, = asin[(2r -1) :J for 1 Sr Sn /2 
for 1 ｾｲ＠ ｾｮ＠ /2 
n was chosen so that n/2 was even so ｴｾ｡ｴ＠
d, = aco{(2r -1) :J for 1 ｾｲ＠ ｾｾｾ＠ /4 
and 
, dr =-dL 
where 
L=(n+2) r 
2 
for n I 4 < r S n I 2 
(ii) Point source off axis by a ·distance. p where o > a 
For a point source positioned outside of the collimator 
centre-bore radius only part of the detector face is 
"visible" to the detector. The method described in reference 
54, and outlined above, thus had to be adapted for use in 
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this situation (see Figure 3.14). 
The angle 6 is given by 
ｂ］｡ｲ｣｣ｯｻｾＩ＠
where c is given by equation (3.2). 
The solid angle subtended . by the segment bounded by the 
chord 2d and the arc of the circle of radius R can be found 
- by representing the sector of the circle as a sector of a 
polygon. The angle 26 · was divided into q ( q odd) equal 
angles so that q polygon sides separate L and M, with sides 
ending on both points Land ｾＯ･ｸ｡｣ｴｬｹＮ＠
Equations (3.3), (3.4) and (3.5) then still apply, 
where 
m, = tan[(q7r-4r9) ｾ｝＠
y, = Rsin[ (2r -1) :J 
Xr = p-dr 
where 
d, = Rco{(zr-1) :J 
ｦｯｲＱｾｲｾＨｱＭｩＩＯＲ＠
for 1 ｾｲ＠ ｾＨｱ＠ +1) /2 
for 1 ｾｲ＠ ｾＨｱ＠ +1) /2 
forls;r ｾＨｱＫｬＩＯＲ＠
The same method could then be applied to the angle 
2¢ and the results of these two calculations added to give 
the total solid angle. 
Having calculated the solid angle subtended by the 
detector the count contribution due to this elemental lung 
volume could be -calculated. The count contribution from all 
of the elemental lung volumes' were assessed in a similar 
manner and ｴｨｾ＠ results summed to give the overall count. 
A computer program written in FORTRAN 77 (see Appendix 
D) employed this model to calculate "the . expected count rate 
for various ·collimator radii and at various times 
post-exposure. 
The count rate estimates at various times 
post-inhalation were based upon an assumed initial pulmonary 
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deposit of 40kBq of Niobium-92m (the figure proposed for the 
study to keep the committed effective dose equivalent below 
9 0 p.Sv) . 
Attenuation within the lung and the chest wall was 
ignored. Using the description of a "typical" subject given 
in section 3.1.2.1 (see footnote 1) the attenuation of the 
934 gamma-rays in the chest wall would amount to 
approximately 30 % (actually it is anticipated that this is 
an overestimate). This figure ｾ｡ｳ＠ thought to be sufficiently 
small that attenuation in the chest wall could be ignored in 
the model. 
A figure of 10 % at a gamma energy of 934 keV was used 
for the intrinsic detector efficiency. This general figure 
was based on results of the energy calibration of the four 
detectors (see appendix A). 
Figures 3.15 to 3.19 show the results obtained using 
this program and Figure 3.20 shows the result of using the 
same program to calculate the percentage lung volume which 
would be viewed by each collimator. From these ｲ･ｳｵｬｾｳ＠ we 
decided to have three sets of collimators manufactured. Each 
collimator set would have a different centre-bore radius and 
would be used at a different time post-exposure. The first 
set of collimators (collimators 1) had a centre-bore radius 
of 7 mm and were to be used during the first week after 
inhalation. The second collimator set had a centre-bore 
radius of 10 mm and were to be used up to 3 weeks after 
inhalation (in practice these were never used because the 
period when they would have been needed coincided with the 
subjects visits to the US). The third set of collimators 
{collimators 3) had a centre-bore radius of 14 mm and were 
to be used for the last set of measurements, beyond three 
weeks post-deposition. 
The model developed predicted that for these collimator 
sizes statistical errors could be kept below 5 % for a count 
duration of one hour. Even if the model over-estimated the 
count rate, due to the crude lung shape a'nd counting 
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geometry adopted it was hoped that this standard could still 
be attained. 
3.'3.3 Verification of Modelling techniques 
A verification exercise was undertaken to establish the 
adequacy of the modelling techniques. This exercise was 
divided into two parts. The aim of the first component was 
to check the accuracy of the solid angle calculations. The 
second component compared calculations using the model with 
measured values. 
3.3.3.1 Solid Angle Accuracy 
The model was adapted slightly t:-o print the solid 
angles (with no collimation present) calculated for various 
values of p, h and the detector radius. These values were 
chosen to represent as much of the range of values used in 
section 3.3.2 as possible. The aim was thus to use values ｯｾ＠
p between 0 . 2 and 50 . 5 per unit detector radius and h 
between 1.5 and 100 · per unit detector radius. The results 
were compared with the values quoted in reference 65. The 
use of this reference limited the range of values :which 
could be considered to between 0.0 and 36 for the value of 
p .per unit detector radius, however, the full range of 
values of h per unit detector radius could be covered. For 
all of the calculated values the maximum difference between 
these values and those given in reference 65 was 0.5% of the 
quoted value. It was considered that this level of accuracy 
was completely acceptable. 
3.3.3.2 Comparison with Measurement Results 
Results obtained using the modelling techniques to 
represent a oisk source and detector/collimator arrangement 
were compared with source scans across the 
detector/collimator face (see section 3.4.1 below). 
The modelling of the source for this assessment proved 
difficult. The sources available were not true point 
sources, but had been produced by pipetting small drops of a 
niobium-loaded solution onto a 6 em diameter filter paper. 
Auto-scintography of the sources revealed that the activity 
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distribution could be quite wide-spread and irregular. Since 
several different sources were used for the measurements it 
was impossible to accurately reproduce this distribution. 
Under these circumstances it was decided to approximate the 
activity distribution by assuming it covered the whole of 
the filter paper. It was recognised, however, that the 
distribution would be concentrated towards the centre of the 
filter paper. A distribution which decreased exponentially 
with increasing distance from the centre of the source was 
therefore used. 
The results of this study are shown in Figure 3.27. 
From this figure it can be seen that the model gives quite a 
good fit at positions close to the detector axis. However, 
at greater distances from the detector axis the fit is not 
as good. This is a consequence of the assumption that the 
collimator is 100 % efficient (i.e. they stop all radiation 
which does not pass directly through the centre-bore). This 
obviously will not be the case and the method adopted will 
under-estimate the contribution from displaced sources. 
Any model developed to rectify this defect in the 
modelling technique would need to be far more complicated. 
Actual gamma paths through the collimator system would need 
to be taken into account. Taking this into consideration 
with the uncertainty in the effect of the discrepancy (due 
to uncertainties in the source distribution) it was decided 
to proceed with the modelling techniques currently developed 
for the duration of this study. The model could then be 
further developed at a later stage if necessary. 
3.4 Equipment Performance Testing 
All four detectors were calibrated (intrinsic 
efficiency against energy) in the energy range 60 to 1408 
keV (see Appendix A). 
A series of background spectra (15 hour duration) were 
also obtained for each of the three detectors that were to 
be in general use. The first set of these measurements were 
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made with the detectors mounted in their measurement 
positions in the experimental rig and with collimators 1 in 
position (see Figure 3.21) and then with collimators 3 in 
position (see Figure 3.22). Both sets of background spectra 
were then repeated with the detection system located inside 
one of the AWE Whole Body Monitoring facility's shielded 
rooms (see Figures 3.23 and 3.24). It was found from these 
spectra that the background count recorded in the energy 
range of interest for subject measurement could be reduced 
by approximately 80% by using the shielded room. Based on 
this finding it was decided to carry out all subject 
measurements (whenever possible) within the shielded room. 
The commitment to normal workforce measurements, however, 
had to be maintained during this study and took preference. 
Therefore, on four occasions measurements had to be made 
outside the shielded room. 
3.4.1 Collimation Effectiveness 
The effectiveness of the lead/copper shielding system 
was also assessed. Niobium-92m sources were prepared by the 
Harwell Laboratories by pipetting a solution onto filter 
paper. These sources, although not true point sources (see 
section 3. 3. 3. 2) , were inexpensively produced and were 
adequate for our purposes. 
One of these sources was placed under a 3 em thick 
layer of Temex rubber (a rubber sheeting which has been 
shown to have tissue-like properties (52)). The experimental 
rig was positioned so that the face of the collimator block 
was close to the rubber sheeting (see Figure 3. 25). The 
rubber sheeting acted to protect the experimental rig from 
possible contamination from the source, and it prevented 
source movement during detector/collimator movement; the 
chosen thickness of 3 em was representative of the 
chest-wall thickness found in the AWE workforce (see Figure 
3. 2). A grid marked in 1 mm intervals fixed beneath the 
source assisted with the positioning of the detector rig. 
The detector/collimator arrangement was used to scan 
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across the source, with measurements being taken at 
approximately 1 em intervals. A series of measurements were 
taken at different stages of the project and with different 
sources. All of the net counts were corrected for source 
decay between measurements and were then expressed as a 
percentage of the mean net count obtained with the same 
source positioned centrally below the detector. Arithmetic 
average values were then found at each detector location. 
The results of these scans are shown in Figure 3.26 and 
Table 3.3. Although the collimator performance displayed by 
these results is not as good as would have been desirable 
the high photon energy had been expected to make effective 
collimation difficult. The use of longer collimators was 
considered but this would have meant employing a larger 
centre-bore radius to retain acceptable counting statistics. 
It was therefore decided to continue with use of the 
collimators already produced. 
Having decided on the radioactive label that was to be 
used, and having selected the basic equipment to be 
purchased, the detail of the experimental procedures could 
be considered. The conclusions of these deliberations, 
together with experimental results are covered in the next 
chapter. 
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Table 3.1 
The Initial Pulmonary Deposition (IPD) that will result in a 
I 
Committed Effective Dose Equivalent (CEDE) of 0.1 mSv. 
(Reference 41). 
CEDE per unit IPD 1 urn AMAD IPD 5 urn AMAD 
activity (Sv/Bq) ( DP = 0. 25) (Dp = 0.08) 
Sr-85 8.6 X 10·10 1 X 105 Bq 4 X 105 Bq 
Y-88 5.7 X 10"9 2 X 104 Bq 5 X 104 Bq 
N.B. Dp is the fraction of the inhaled material initially deposited in the pulmonary region (see section 2.3.1). 
These figures are based on an inhalation classY compound and the ICRP respiratory system and organ retention models (45). 
In the case of Sr-85 only the lung receives any significant dose. For Y -88 74% of the CEDE is accounted to the lung and the 
remainder distributed over a number of other organs. 
Table 3.2 
The size and age of each of the eight volunteers. 
Age (years) Weight (kg) Height (rn) 
Subject A 55 78.3 1.75 
Subject B 25 83.5 1.87 
Subject c 61 82.5 1.79 
Subject D 32 74.2 1.82 
Subject E 52 65.0 1.70 
Subjept F 28 64.0 1.74 
Subject G 44 90.0 1.73 
Subject H 63 62.0 1.68 · 
- . 
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Table 3.3 
Results of source scan across the detector face to assess 
collimator performance. 
Distance to Count as % of Error (%) at 
detector count at 95% 
centre (em) centre confidence 
0.0 100.0 
1.0 95.0 4.0 
2.0 43.7 2.8 
3.0 24.6 2.6 
4.0 14.4 2.2 
5.0 11.3 1.6 
6.0 7.2 1.4 
7.0 6.1 1.8 
8.0 5.1 0.8 
9.0 3.1 1.0 
10.0 2.2 1.2 
11.3 1.4 1.2 
12.6 0.9 0.6 
13.0 0.8 0.6 
14.0 0.4 0.8 
17.7 0.2 0.4 
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Figure 3.6: Experimental Apparatus ina Measurement Geometry 
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Collimator Performance. 
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CHAPTER IV 
EXPERIMENTAL MEASUREMENTS AND RESULTS 
The equipment selected in the previous chapter was used 
for measurements .on eight male volunteers who nad each 
inhaled a polystyrene aerosol ｬ ﾷ ｾｭ＠ in diameter. The aerosol 
was labelled with Niobium-92m. Each of the subjects then 
underwent two types of radiological measurement relevant to 
this study. The first series of measurements were made to 
determine the magnitude of the initial pulmonary deposit of 
niobium and the effective half-life in the individual. The 
second series of measurements were used to map the spatial 
distribution of material in the lung. 
In addition to the radiological measurements 
information was required concerning the anatomical stature 
of the subjects. Tracings of standard chest X-rays were used 
to provide information on the lung size of each subject and 
ultrasound measurements were used to assess the chest-wall 
thickness (the lung depth). 
4.1 Ultrasound Measurements of Chest-wall Thickness 
Ultrasonic measurements of the chest-wall thickness in 
various locations were made on all of the subjects. A 
Shimadzu B-mode linear scanner equipped with a 5 MHz 
transducer was used to perform these measurements. The 
transducer head comprises a linear array of elements that 
act as both signal emitters and receivers. The elements fire 
in sequence and reflections of the signal at material 
interfaces are used to build up a profile of the tissues 
lying beneath the array. 
The transducer is placed on the surface of the chest 
with the minimum of pressure. A coupling medium (ultrasonic 
gel) is used to promote good acoustic contact. The probe is 
then angled so that the sharpest image of the lung ｢ｯｵｮ､ｾｲｹ＠
is displayed. This occurs when the transducer is parallel to 
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the pulmonary surface. Once this clear image has been 
obtained it is frozen on the display screen. The 
manufacturer's in-built calibration 'callipers' can then be 
used to determine the depths of the relevant interfaces at 
operator selected locations. 
This procedure was used to obtain values of the 
arithmetic mean chest-wall thickness for each subject using 
two measurement geometries 
distribution geometry. 
a standard geometry and a 
4.1.1 Standard Measurement Geometry 
The first set of measurements were performed using the 
same measurement positions and techniques adopted for the 
routine measurement of chest-wall thickness and composition 
undertaken at AWE(A). Because routine in-vivo measurements 
are carried out with the subject supine the same subject 
position was used for these measurements. 
Eight transducer positions were employed (see Figure 
4. 1) . These were designed to cover the same area as the 
200mm phoswich detectors (although studies had also shown 
them to be appropriate for measurements on the germanium 
detector system). The positions of the clavicles, the 
sternum and the sternal notch provided reference points to 
aid the consistent positioning of the transducer. Small 
transducer adjustments were then used to obtain an image 
that clearly displayed two intercostal spaces. The 
chest-wall and adipose thicknesses were then measured in 
these two intercostal spaces, selecting positions 
approximately mid-way between the ribs (see Figure 4.2). 
The sixteen values of total chest-wall thickness 
obtained in this manner were used to calculate an arithmetic 
average thickness (see Table 4.1). 
4.1.2 Distribution Geometry 
These measurements were designed to cover the same area 
as that viewed by the Nai detectors that were to be used for 
distribution-mapping (see Figure 4.3). The basic techniques 
remained the same as those described above. Only the subject 
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posture and the measurement positions were changed. 
The measurements were made with the subject sitting 
·upright (in order to match the subject position during 
distribution measurements). The thickness measurements were 
then taken using the eight transducer positions shown in 
Figure 4.3. Two ｭｾ｡ｳｵｲ･ｭ･ｮｴ＠ positions were · chosen for each 
transducer position. The first measurement position was as 
close to the sternum as possible whilst the second position 
was chosen to represent the maximum lateral displacement 
possible. However, both of ·these measurement positions were 
constrained by the requirement to obtain a ｣ｬｾ｡ｲ＠ image of 
the lung surface. 
An arithmetic average of the sixteen -values of 
chest-wall thickness obtained in this manner is shown in 
Table 4.1 for all eight subjects. 
4.2 Aerosol Preparation and Administration 
All aerosol preparation and administration was 
undertaken by AEA Harwell. The Niobium-92m was produced by 
alpha-irradiation of yttrium using Harwell's variable-energy 
cyclotron. The activity was then incorporated into·. 
monodisperse polystyrene particles, essentially by methods 
previously used to produce 5 ｾｭ＠ particles (46). Some changes 
to this method were needed, ｾｯｷ･ｶ･ｲＬ＠ in order to obtain the 
much smaller particles in sufficient quantities (47). 
The particles produced were of approximately unit 
density with an activity median aerodynamic ·diameter 
(established by examination with an optical microscope) of 
typically 1. 2 p,m with <7( g) of 1. 15 (where ·a( g) is the 
• ｷｾ ］ＭＭＭＭ ｾ｟ＮＬＬＮＮ＠ ﾷＭ］ｾ ﾷｾ Ｍ
geometric standard deviation, reflecting the width of the 
distribution). It had previously been established (46) that 
leaching of the niobium label ought not to occur in the 
physiological media of the lungs or GI tract. 
The particles ｷｾｲ･＠ suspended in ethanol and then 
atomised. The atomised suspension was injected into a 
' 150-litre chamber where the ethanol evaporated quickly to 
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leave a dry aerosol. This was dispersed throughout the 
chamber using a fan. Subjects inhaled the aerosol from this 
chamber by .mouth, via a valve that prevented exhaled air and 
particles from re-entering the chamber (48). 
Before the particles were injected into the chamber the 
subjects inhaled ｾｲｯｭ＠ the chamber in order to establish a 
tidal volume that the subject found natural and comfortable 
while seated. Each subject was then asked to maintain that 
volume during the exposure period of about 15 minutes. The 
breathing pattern wa·s recorded by a digital 
pneumotachograph, coupled to a X-Y plotter, who·se trace was 
visible to the subject. 
Each subject underwent two or three such -exposures, 
with intermediate checks on whole-body radioactivity. The 
aim was to achieve a total deposit of 50 kBq of 92mNb. It was 
anticipated that approximately 80% ( 40 kBq) would be 
deposited in the pulmonary region and would thus be subject 
to long-term retention. The remainder was expected to clear 
from the upper respiratory and GI tracts within 2 to 3·days. 
4.3 Effective Half-Life Determination 
Niobium-92m is relatively short-lived ( 10.15 day 
half-life). Therefore, . to be able to compare measurements 
taken over a long period of ｾｩｭ･＠ it is necessary to correct 
the count data for radioactive decay between measurements. 
The situation is further complicated, however, by the 
biological clearance · of the material from the body. The most 
useful decay parameter then becomes the effective half-life 
that combines the radiological and biological decay 
components. The effective half-life was determined 
separately for each subject because of · the 
subject-to-subject variability of the biological component. 
The effective half-life and IPD (Initial Pulmonary 
Deposit) were measured at Harwell by counting the 934 keV 
r-rays (average energy) emitted by the niobium-92m ｵｳｩｮｾ＠ a 
large area Nai(Tl) detector. The detector was positioned in 
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a reproducible manner for each subject, approximately 230 mm 
above the anterior surface of the thorax. The result 
obtained (in terms of counts per second) was converted into 
a value for the activity present in the chest. This was 
achieved by reference to calibration data obtained by 
counting the LLNL phantom containing lungs labelled with 
Niobium-9 2m in the same measurement geometry, and using 
phantom overlays to prod?ce a similar chest-wall thickness. 
The first subject measurement was carried out after the 
short-term clearance was expected to be complete (after 
approximately four days). Further measurements were then 
performed on several occasions for each subject. A linear 
fit to log10 (activity) against time was then used (see 
Figures 4.4 to 4.11) to find the IPD and the decay constant 
for each subject (see Table 4.2). 
For subject B (the AWE employee) an independent 
assessment of the effective half-life was also carried out 
at AWE. These measurements were carried out during the same 
measurement period, but subject availability allowed a 
greater number of measurements to be undertaken at AWE. For 
these measurements a Nai(Tl) detector viewed the posterior 
surface of the thorax, and a Phoswich detector in each case 
viewed the anterior surface. Both were reproducibly 
positioned at approximately 300 mm from the appropriate 
thoracic surface. Only the signal from the Csi component of 
the Phoswich detector was used. The specific region of 
interest was identified for both detectors. The counts from 
both detectors in these regions of interest were added to 
give a gross count. A background count had been carried out 
on the subject before radionuclide inhalation and the 
count-rate obtained from this measurement was subtracted 
from that obtained at various times post exposure (see Table 
4.3 and Figure 4.12). 
This produced an effective half-life value of 9.24 days 
and an arithmetic average of the two values obtained (9.32 
days) was used for all further calculations for subject B 
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for the duration of this study. 
4.4 Spatial Distribution Mapping 
Measurements were made with the subject sitting upright 
with the front surface of the detector array parallel to the 
anterior chest surface. Six separate counting geometries 
(three over each lung) were used to build up a 
two-dimensional image of the relative detector response over 
the anterior chest surface. 
For subject B measurements were also made over the 
posterior chest surface (Table 4. 4). The count-rates 
obtained with these measurements were compared with the 
corresponding measurements obtained from the anterior 
surface of the thorax (Table 4.5) in order to decide on the 
best geometry for future measurements 1 • Scrutiny of the two 
sets of results revealed that there would be no advantage 
(in terms of increased count-rate) in carrying out 
measurements over the posterior rather than the anterior 
thoracic surface. There were also some addi tiona! 
difficulties involved in positioning the detectors over the 
posterior surface. 
Distribution mapping generally started on the day 
following inhalation. A complete set of six 'Early' 
measurements was then completed during the first week 
post-inhalation. A second complete set of six 'Late' 
measurements was completed between 4 and 8 weeks 
post-inhalation (depending on subject availability). 
Whenever possible subjects measurements were repeated. 
The sternal notch and line of the clavicle were used to 
provide reference points to aid the consistent positioning 
1. It should be noted when comparing the results displayed in Tables 4.4 and 4.5 that measurements from the posterior surface 
required that the detectm· array be turned through 180° to achieve the same geometty. Therefore the detector previously 
nearest the apex of the lung was now nearest the base. Thus, for the same measurement geometry, the results from detector 1 
over one surface must be compared with the results of detector 3 over the other surface. 
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of the detectors. Each subject wore a tight-fitting T-shirt, 
onto which the outline of the subject's sternum and 
clavicles were marked. The position of the central and upper 
edges of the detector arrangement were then also marked onto 
the T-shirt. Before each measurement touch was used to 
ensure that the bone outlines marked on the T-shirt 
corresponded to the underlying bone-structure. The detector 
outline could then be used as a visual aid to re-positioning 
the detectors. 
Figures 4.13 to 4.20 show the measurement geometries 
marked on X-ray tracings of the eight subjects. (These X-ray 
images may be slightly misleading because of the unusual 
subject position adopted during routine chest X-rays but 
they were the only anatomical information available at the 
beginning of the project.) 
4.4.1 Spectral Analysis 
The signal from each of the three Nai detectors was 
separately fed via a Harshaw amplifier to a Nuclear Data 
9900 (micro-vax based) computer system. Each acquisition 
system was configured with 1024 channels set at 2 keV per 
channel. Before each measurement a sodium-22 source was used 
to adjust the detector gain so that the peaks (511 keV and 
1274 keV) were separated by 382 channels, and the 511 keV 
peak occurred approximately in channel 256. 
Each of the three spectra was analysed separately. 
Several spectral analysis techniques were considered and 
tested. The following proved to be the most reliable and 
reproducible technique. 
The background spectrum acquired using the same 
detector, with the same collimators, and under the same 
shielding conditions (previously displayed in Figures 3.21 
to 3.24) was used to remove any background contribution from 
the subject spectra. This was achieved by subtracting the 
proportion of the background spectrum that would have been 
obtained in the same acquisition time as that used for the 
subject measurement from the subject spectrum, i.e. for a 
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subject spectrum acquired over a period of T hours, with a 
. . 
count si in channel i and a corresponding count Bi in the 15 
hour background spectrum the adjusted count ci ｾ｡ｵｬ､＠ be 
given by 
C· = S· -(B· . .I_) l l 1 15 
This background adjusted spectrum was then smoothed using a 
five-point smoothing routine and displayed on a visual 
display unit, in order to enable the selection of photopeak 
start and end channels by'the operator . . It was found that 
due to fluctuations in detector gain the.manual selection of 
start and end channels proved more accurate than using 
pre-selected channels. However, the width of the photopeak 
analysis region was kept constant for each ｭ･ｾｳｵｲ･ｭ･ｮｴ＠ at 83 
channels. It had previously been found that this analysis 
region width would cover the total photopeak width. 
The choice of analysis region width to optimise 
counting statistics was less important than consistency 
betwaen measurements. Electing to use the total photopeak 
width proved convenient in this respect because the peak 
start and end channels were easily identified. The removal· 
of the background counts and the spectral smoothing aided 
this selection process considerably. 
After the selection of. the photopeak analysis region 
all ｳｵ｢ｳ･ｾＬｱｵ･ｮｴ＠ analysis was carried out on the original 
spectrum. This spectrum was also smoothed using a five-point 
smoothing r.outine. ·A straight line was then fitted to the 
smoothed data in the channe.ls on either side of the 
photopeak analysis region. This established a photopeak 
base-line (see Figure 4.21). The area under this base-line 
was subtracted from the original, un-smoothed spectrum to 
give ｴｾ･＠ photopeak area quoted in all results. Using this 
method the standard error on the result, ｾｎ＠ is given by (49) 
· (L1N)2 = S+ x2 -x1-3 B 
. 4 
I 
Where S is the total area under the photopeak between 
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channel number xl. and channel x2 (from the original untreated 
spectrum) and B is the total background count in this region 
(the area ·beneath the constructed base-line). 
In order to compensate for different detector 
efficiencies the measurement results were all normalised to 
a detector absolute efficiency of 11.04 % (the average value 
for the three detectors in routine use). The results were 
also adjusted to a normalised count-time of one hour. Thus 
for a net resuJ:t . (photopeak area minus background) of c 
acquired in a count time bf T . minutes ｵｾｩｮｧ＠ a detect6r of 
absolute efficiency E% the corrected.result ｣ｾ＠ would be 
given by 
｣ｾ］＠ ｣ＮＨＶ［ＩｻｵｾｯＴＩ＠
Table 4.5 shows the raw and corrected results of all of the 
early measurements whilst Table 4.6 shows the results of the 
late measurements. 
It was recognised, however, that the results obtained 
usi.ng this method were not a true representation of the 
s.patial distribution of material in .the lungs. Each 
different detector position would be viewing a different· 
lung volume. Differences in detector counts would therefore 
be partially, if not completely, due to this factor. It was 
therefore decided to use the LLNL phantom to obtain data on 
the expected response from lungs containing a uniform 
Niobium-92m distribution. 
4.4.2 LLNL-Phantom ·Measurements 
AEA Harwell provided several samples of Niobium-92m 
suspended in 0.01 M oxalic acid. These samples were used to 
produce uniformly labelled phantom lungs. The effect of 
adding oxalic acid to the lung mixture was investigated (see 
ａｰｰ･ｮ､ｾｸ＠ B) and a suitable chemical mixture identified. 
The right and left lungs were produced with a Nb-92m 
concentration ratio of approximately 1.0:0.8 (R:L) that was 
derived from the mass ratio _of the two lungs. 
f 
Several sets of niobium labelled lungs were produced 
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throughout the .study and these allowed a wide range of 
measurements to be undertaken. The first of these 
measurements were used as a comparison for the . subject 
measurements. 
4.4.2.1 Comparison with Subject Measurements 
Five sets of _phantom measurements were carried out for 
each collimator size. These were made using each of the four 
50% muscle/50% adipose overlays, as well as the uncovered 
phantom. Thus chest-wall thicknesses between 16 and 41 rom 
could be simulated. us·ing this method each subject 
measurement could pe compared to a ｰｨｾｮｴｯｭ＠ measurement made 
using a similar chest-wall thickness (see Table 4.7). 
Each set of phantom assessments consisted of six 
individual measurements that matched the ｧ･ｯｭｾｴｲｩ･ｳ＠ .used for· 
subject measurements. The markings on the anterior surface 
of the phantom were used as reference points to ensure 
consistent detector positioning. 
Before every phantom measurement the detector gain was 
ｴ･ｳｴｾ､＠ by reference to a Na-22 source (as practised ·before 
gach subject measurement). The spectrum from each detector 
was stored separately and analysed using the same method as·. 
that adopted for subject spectra. The measurement results 
were then corrected _for radioactive decay, count duration 
ｾｮ､＠ detector efficiency_ ｵｳｾｮｧ＠ the same technique as that 
employed ｾｯｲ＠ the subject measurements. 
The results of the measurements made using collimator 1 
are shown in Table 4. 8, whilst Table 4. 9 contains the 
results of the measurements ｭ｡､ｾ＠ with collimators 3. Figures 
4.22 and 4.23 show the corrected results superimposed on 
outlines of ｴｨｾ＠ phantom's lungs for collimators 1 and 3, 
respectively. 
ｔｾ･＠ count data obtained using ｴｨ･ｳｾ＠ measurements were 
then used to calculate predicted subject count-rates, e.g. 
for detector 1 ( d 1 ) and measurement geometry 1 ( g 1 ) the 
predicted count-rate ｐｲＨ､ Ｑ ＬｧｾＩＭ would be:-
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. · phantom count rate ( dt, Bt) · 
Pr(d1,g1) = . .subject total count rate phantom total count' rate 
The subject count-rate obtained at each point .was then 
compared with this predicted count-rate. The ratio of the 
observed to the predicted count-rate was used as an 
indication of the. deviation from the uniform distribution. 
Thus values close to one represent a concentration close to 
the uniform case. Values greater than one represent a higher 
concentration and values less than one a lower 
concentration. Table 4.10 ｾｮ､＠ Figures ＴＮｾＴ＠ to 4.31 show the 
values calculated for the measurements. made. during the first 
week post-inhalation. Table 4.11 and Figures 4.32 to 4.39 
show the results of the later measurements. 
Figures 4.24 to 4.39 suggest a higher concentration of 
material towards the base of the lung (in contrast to the 
finding of studies using larger particles). This is 
discussed further in the next section (Section 4.4.2.2). 
Comparison of the results seen at different ti:mes 
post-exposure can also be valuable, although it shduld be 
ｾ･｣ｯｧｮｩｳ･､＠ that any conclusions drawn from this comparison 
will be based on a small amount of data so that their 
accuracy must be questioned. 
For the subjects where repeat measurements were 
possible during the week ｰｯｾｴＭ･ｸｰｯｳｵｲ･＠ these would tend .to 
suggest ｾｮ＠ increase in non-uniformity (an increase in the 
relative concentration towards the base of the lung) during 
ｴｨｩｾ＠ week. _, In the ·longer term there would appear to be a 
reduction in the non-uniformity with increasing time. This 
is displayed in the measurements of all of the subjects 
except one (subject E). The measurements on subject H (where 
measurements were made with the small collimators right up 
until ｾ｡ｹ＠ 18) also display a more uniform distribution in 
the third week post-exposure compared with the earlier 
measurements. 
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4.4.2.2 Further Investigation of Possible Causes of the 
Non-Uniformity Observed 
Whilst studying the observed non-uniformities in the 
distribution it was noted that the position of the 
measurements superimposed on X-ray tracings for the eight 
subjects (figures 4.13 to 4.20) compared with the position 
superimposed on outlines of the phantom's lungs (figures 
4. 22 and 4. 23) revealed a possible difference in height 
between the subject and phantom lungs. This could explain 
the increased relative count-rates observed towards the base 
of the lung. Only the X-rays of subject G suggested a lung 
size comparable to the phantom (however it was noted that he 
coughed during his X-ray exposure). 
The increased subject lung height implied by the chest 
X-rays, however, may be due to the techniques used during 
their production, with the lungs inflated to the maximum 
volume achievable. This suggests that a much larger lung 
height.occurs compared to that experienced during a more 
natural breathing pattern. 
In order to further investigate anatomical differences 
between the subjects and the phantom Magnetic Resonance 
Imaging (MRI) was used to gain more detailed information. 
MRI utilises the inherent magnetic moment of hydrogen 
atoms. Magnetic and RF fields are applied to the body and an 
image is obtained of the location and density of hydrogen 
atoms in the form of a "slice" through the body. Tissues 
with differing hydrogen concentrations appear as different 
shades, with hydrogen rich materials showing up light and 
materials with lower concentrations darker, with boundaries 
clearly visible. 
All of the subjects were scanned at the National Heart 
Hospital, London using a Picker International 0. 5 Tesla 
machine (Vista 2055). The subject lay supine in the magnet. 
Cardiac gating was used to ensure that data were gathered at 
the same point of the cardiac cycle, thus reducing artefacts 
from the heart beat. No breathing controls were employed, 
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however, so the images obtained would represent averages 
over various stages of lung inflation. A series of images of 
10 mm thick transverse slices through the body were 
acquired, intended to cover the thorax from the sternal 
notch to the diaphragm. 
The initial measurements made on the images were to 
assess the height of the lungs for each subject. Two 
separate measurements were made on both the right and left 
lungs, corresponding to the measurements shown in Figure 
4.40 on the phantom's lungs. This was achieved by examining 
each of the transverse images in turn until changes in the 
lung structure were evident. Unfortunately because of the 
nature of the MRI images (being 10 mm thick slices) it was 
impossible to give the exact point where the measurement 
should be taken. It could only be said that the change 
occurred within a specific 10 rom. For this reason the 
results have been given in terms of a range of values. 
The results of these, and the corresponding 
measurements on the phantom and from the chest X-rays are 
shown in Table 4.12. Some of the MRI results are missing 
from this table because the images did not actually cover 
the whole distance from the sternal notch to the diaphragm. 
In these cases the lower point of the relevant measurement 
could not be assessed because it was not present in the 
images. Physical measurements of the dimensions of the 
phantom lungs were quite easy to perform and the lungs could 
be sliced to ease this process. Under these circumstances 
expensive MRI measurements of the phantom were not 
necessary. 
Unfortunately the need to express the MRI results as a 
possible range of values makes their comparison with the 
other results very difficult. However, a comparison of the 
MRI results with the distribution mapping suggests that 
there is some correlation between the lung height and the 
degree of excess concentration (above the uniform case) seen 
towards the base of the lung. This is further investigated 
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in the next chapter. 
4. 4. 2. 3 The Effect of Chest-Wall Composition on the 
Measurement Results 
It was anticipated that the composition of the 
chest-wall (apart from bone structure) would have little 
effect on the results because of the high energy of the 
gamma radiations being detected. In order to investigate 
whether this was the case a further set of measurements was 
made with the LLNL phantom. 
Six measurements (one for each measurement geometry 
using the smallest collimators) were made with the thickest 
"A" overlays, which simulate muscle equivalent material, in 
position on the phantom. These measurements were then 
repeated with the thickest "C" overlays (which simulate a 
13/87 mixture, by weight, of muscle and adipose) in place. 
The results of these measurements are compared in Table 
4.13. 
It should be noted that the results of these 
measurements have not been directly compared with the 
results from the "B" overlays given in Table 4.8 because of 
a small difference in the thickness of the overlays. The 
thickest "A" and "C" overlays are 24.5 rom thick, giving a 
phantom total chest-wall thickness of 40.5 rom. The thickest 
"B" overlay, however, is 25 rom thick, giving a total 
chest-wall thickness of 41 rom. 
In general both results fall within the 95 % confidence 
level and the largest difference in counts between the two 
overlays represents a discrepancy of approximately 10 
percent. Thus, these measurements would suggest that the 
composition of the chest-wall would be unlikely to have a 
significant effect on the distribution mapping and would not 
explain the non-uniformities in the pattern observed. 
4.4.2.4 The Effect of Detector Position on the Measurement 
Results. 
Every care was taken to ensure the consistent 
positioning of the detector array. However, consideration 
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was given to the possibility that the difference in 
count-rate between the subject measurements and those 
predicted from the phantom results could be due to 
differences in detector position. To investigate whether 
this was a viable explanation a third set of measurements 
was performed on the LLNL phantom. 
Following an assessment of detector gain using a Na-22 
source, measurements were made with niobium labelled lungs 
in the phantom. No phantom overlays were used for these 
measurements. Measurements were made with the detector array 
in each of the original six geometries used for subject 
measurements and then with the detector array displaced in 
1 em steps (both vertically and horizontally) from these 
positions. 
Unfortunately because of the position of the neck on 
the LLNL phantom it obstructed some of the measurement 
positions for vertical displacements and these measurements 
were not possible. In addition, because of the relatively 
short half-life of the Nb-92m the available measurement time 
was not sufficient to complete all of the measurements. Thus 
there are no results for the first and third geometries over 
the right lung (Right 1 and Right 3) for collimators 1. 
The results of the displaced phantom measurements were 
then used to predict count-rates for each of the subject 
measurements (as previously done for the main analysis). 
Table 4.14 and Table 4.15 show the results using collimator 
1 for horizontal and vertical displacements, respectively. 
Table 4.16 and 4.17 show the corresponding results for the 
larger collimator size. 
These results would suggest that in general the 
distribution non-uniformities seen in Tables 4.10 and 4.11 
could not be explained by variations in detector position 
alone, although for individual results the uniformity may be 
improved. 
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4.4.3 A Comparison of Subject Results with JAERI Phantom 
Measurements 
Because of previous criticisms of the LLNL phantom for 
its inadequacies in simulating subjects of small build 
consideration had been given to using a phantom developed by 
the Japanese Atomic Energy Research Institute. During the 
period of this study this phantom was made available to us 
for various measurements. However, a significant part of the 
loan period was used to develop a suitable lung simulant 
mixture (see Appendix B) following criticisms of the lungs 
form and properties (see section 2.2.2). This limited the 
time available for other measurements and distribution 
measurements similar to those carried out on the LLNL 
phantom were only completed for the smaller collimator size. 
Two sets of phantom overlays were received with the 
phantom. The first set simulated a 10 % adipose, 90 % muscle 
composition. The second set of overlays simulated a 30 % 
adipose, 7 0 % muscle composition and it was this set of 
overlays that was selected as being most representative of 
the chest-wall compositions seen in the eight subjects (see 
Table 4.1). 
For each of the three overlays in the 30 % adipose set 
a full set of six distribution mapping measurements were 
made and the results corrected in the same manner as the 
subject measurements (see Table 4.18 and Figure 4.41). The 
uncovered torso was sufficiently small (18.7 mm arithmetic 
mean chest-wall thickness) that measurements on it were not 
required for the purposes of this study. The overlay number 
used to simulate each subject's chest-wall thickness is 
shown in Table 4.19. 
The same technique as that employed with the LLNL 
phantom was used to calculate predicted count-rates and 
observed to predicted count ratios. These are shown in Table 
4.20 and figures 4.42 to 4.49. These show that a much more 
uniform distribution is indicated when the subject results 
are compared with the JAERI phantom. Because of the 
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different distributions implied by the two phantoms it was 
necessary to study which phantom best simulated the anatomy 
of each of the subjects. This is further considered in the 
next chapter. 
It should also be noted that because of the smaller 
range of chest-wall thicknesses that could be simulated 
using the JAERI phantom some of the subjects were not well 
imitated. Differences of up to 16.5 % occurred between the 
subject chest-wall thickness and the nearest phantom value. 
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Table 4.1 
Arithmetic Average Chest-Wall and Adipose Thicknesses (mm) 
Subject Standard Geometry Distribution geometry 
Adipose Chest-wall Adipose Chest-.wall 
A 9 28 8 31 
B 10 32 10 31 
c 13 ;36 16 42 
D 11 29 11 31 
ｾ Ｍ
E 9 26 7 28 
F 7 27 7 
- 28 
G 12 34 9 33 
H 8 26 6 26 
Table 4.2 
The IPD and Effective Half-Life Measured by AEA Harwell 
Subject IPD (kBq) Decay Constant Effective half-life 
(x 10-2 day-1 ) (days) 
A 46.6 +I- 0.7 7.02 +/- 0.06 9.88 +/- 0.08 
B 38.8 +/- 0.4 7.38 +/- 0.05 9.39 +/- 0.06 
c 43.1 +/- 0.6 7.12 +/- 0.07 9.74 +I- 0.09 
D 51.3 +I- 0.5 7.02 +/- 0.06 9.87 +/- 0.08 
E 36.1 +I- 0.7 7.08 +/- 0.09 9.8 +/- 0.1 
F 22.0 +I- 0.1 7.04 +/- 0.03 9.84 +I- 0.05 
G 54.9 +/- 0.6 7.26 +/- 0.09 9.5 +/- 0.1 
H 25.7 +/- 0.3 6.92 +I- 0.07 10.0 +/- 0.1 
\ · 
All errors are quoted at the 95% confidence level. 
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Table 4.3 
The Measurement of Half-Life Carried out at AWE (Subject B) 
Days Since Gross Count Count Time . Net Count: Rate 
Inhalation (minutes) (counts/minute) 
-
Background 1666 10 166.6 +I- 8.2 
4.142 229672 10 2280_1 +/- 99 
5.216 209106 10 20744 +/- 95 
6.166 195657 10 19399 +/- 92 
8.062 168383 10 16672 +I- 86 
11.173 133617 10 13195 +I- 77 
33.176 27017 10 2535 +/- 41 
45.940 11755 10 1009 +/- 33 
54.972 10317 15 521 +/- 21 
64.090 8645 20 266 +I- 15 
76.146 7839 30 95 +/- 10 
95 
\0 
m 
--
Subject 
B 
Time Since 
Inhalation 
(Days) 
8.131 
10.987 
11.137 
11.088 
11.203 
8.177 
Geometry 
Left1 
Left2 
Left3 
Right 1 
Right2 
Right3 
Table4.4 
Subject Measurements of Spatial Distribution from the Rear (Collimators 1) 
(Errors are quoted at the 95% Confidence Level) 
Count Count Results 
Time Detector 
(mins) 1 . 2 3 1 
. 
60 574 +/-81 1066 +/-109 1182 +/-183 1138 +/-160 
70 891 +/-136 1837 +/-170 1329 +/-152 1873 +/- 286 
70 1095 +/-192 1233 +/-173 942 +/-148 2327 +/- 408 
70 1323 +/-194 1048 +/-137 651 +/-101 2802 +/-412 
60 608 +/-78 553 +/-114 380 +/- 43 1515 +/-195 
60 1190 +/-162 879 +/-146 1833 +/-170 2368 +/-321 
Corrected Count 
Detector 
2 3 
: 
1673 -f/-171 1759 +/-272 
3055 +1-:282 2096 +/-240 
2073 +/- 290 1503 +/-237 
1756 +/-229 1035 +/-160 
1089 ＫＯＭｾ＠ 711 +/-80 
1383 +/-230 2738 +/-255 
\0 
-....] 
Table45 
Subiect Measurements of Spatial Distn"bution- Raw and Corrected Counts from Early Measurements (Collimators 1) 
(Errors are quoted at the 95% Confidence Level) 
Subject Time Since Geometry Count Count Results Corrected Count 
Inhalation Time Detector Detector 
(Days) (mins) 1 2 3 1 2 ' 3 
A 6.106 Left 1 80 1993 +/-264 2066 +I- 205 2507 +/-193 2478 +/- 328 2032 +/-202 2339 +/-180 
1.106 Left2 60 2544 +1-269 3063 +/-270 1736 +/-199 2969 +/-314 2828 +/-.249 1521. + 1- 174 
6.172 Left3 80 2449 +/-261 3078 +/-272 832 +/-130 3059 +/-327 3041 +/-268 779 +/-'122 
8.147 Right 1 80 1461 +/-282 2466 +I- 240 2854 +/-255 2096 +/-405 .2798 + 1- 272 3073 +/- 275 
' 1.162 Right2 70 3023 +/-280 3628 +/- 293 3580 +/-281 3036 +/- 281 2883 +/-233 2699 +/-212 
8.083 Right3 80 2968 +/-356 2666 ＫＡｾ＠ 262 1463 +/-193 4238 +/- 509 3012 +/-2% 1568 +/-207 
B 1.181 Left1 60 Zl27 +/-250 1760 +/-180 1737 +/-221 2634 +/-296 1647 +/-169 1542 +/-196 . 
5.179 Left1 60 '1882 + 1- 229 895 ＫＱＭ Ｎ ｴｬｾ＠ 1454 +/-217 2996 +/-365 1127 +/-244 1738 +/-259 
1.128 Left2 60 1986 +/-258 3922 +/-320 1487 +/-205 2339 +/-304 3655 +/-298 1315 +/-181 
6.192 Left2 60 •7% +/-177 ·3191 + 1- 277 1268 +/-150 1366 +/-304 4334 +/-377 1634 +/-193 
5.015 Left3 45 990 +/-167 1236 +/-149 1716 +/-208 2076 + 1- 351 ' 2051 +/-247 2701 +/-328 
) 
1.005 Right 1 60 2211 +/- 218 2194 + 1- '229 2687 +/-233 2581 +1-255 2026 +/-211 2354 +/-204 
6.137 Right 1 60 809 +/-133 1596 +/-144 : 1919 +/- 209 1383 +/- 227 2159 + /-.195 2463+/-268 
4.979 Right2 45 904 +/-144 3063 ＫＯＭｾＹ＠ 829 +/-119 1891 ｾＯＭＳＰＲ＠ 5068 +I- 346 1301 +/-188 
5.112 Right2 . 60 1621 +/-186 3120 +/- 268 1615 +/-184 2568 +/- 295 3910 +/-336 1920 +/-219 
1.083 Right3 60 2609 +/-314 1373 +/-190 2252 +/-227 3063 +/- 369 1275 +/-176 1985 +/-200 
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Table 4.5 continued 
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c 8.113 Left 1 60 953 +/-149 1576 +/-157 1283 +/-125 1831 +/- 286 2396 +/-238 1850 +/-180 
·10.067 Left2 60 772 +/-103 1358 +/-127 1629 +/-144 1705 +/- 228 2373 +/-222 2700 + 1- 239. 
1.109 Left3 60 1378 +/- 200 2949 +/-215 2717 +/-258 1608 +I- 233 2724 +/-198 2380 +/- 226 
' 
8.172 Right 1 60 691 +/-155 1014 +/-149 1456 +/-115 1600 +/-359 1858 +I- 273 2530 +/-199 
1.169 Right2 60 1668 +I- 215 2742 +/-252 2268 .+ 1- 200 . 1955 + /- 252 2543 +/-233 1996 +/-176 
10.115 Right3 60 794 +/-133 694 +/-82 1478 +/-175 1759 +/-294 1217 +/-145 2457 + ,_. 291 
D 1.109 Left1 75 4598 +/-426 2547 +1-259 2007 +/- 236 4293 +/- 398 1882 +/-192 1407 +/-166 
8.109 Left2 70 1035 +/-171 . 2768 +/-256 2662 +1-255 1692 +/- 280 3582 ＫＯｾＳＳＱ＠ 3268 +/-313 
1.167 Left3 60 3272 +/-362 2667 +/-271 2012 +I- 246 3835 +/-424 2473 ＫＯｾＲＵＱ＠ 1770 +/- 216 
4.163 Right 1 60 1293 +/-194 2053 +/-224 3295 +/-273 1870 +/- 281 2350 +/-256 3577 +/-296 
4.113 Right2 60 3270 +/-398 5211 +/-364 1859 +/-189 4713 +/-574 5943 +/-415 2011 +/-204 
8.166 Right3 75 1239 +/-233 1694 +/-198 3212 +/-269 1899 +/-357 2054 +/-240 3695 +/-309 
I 
E 8.187 Left1 75 1204 +/-199 1598 +/-133 1501 +/-177 1856 +/-306 1949 +/-162 1737 +/-71J5 
1.169 "Left2 70 2261 +/-265 2691 +/-258 2141 +/-192 '2I/2 + 1- 266 2140 +I- 205·: 1615 +/-145 
6.170 Left3 75 903 +/-227 1900 +/-230 2127 +/-249 1207 +/-304 2009 +/-244 2134 +/-250 
8.122 Right 1 75 1661 +/- 207 1867 +/-148 'l1J87 + 1- 211 2549 +/-318 2267 +/-180 2404 +/-243 
6.104 Right2 75 1853 +/-233 2957 +/-269 1947 +/- 241 2465 +/-310 3112 +/-283 1944 +/-240 
1.106 Right3 70 2483 +/-270 2473 +/-222 2954 +I- 256 2484 +/-270 1958 + /--176 2218 +/-192 
F - 1.143 Left1 75 2744 +/-369 1001 +/-149 1689 +/-157 2562 +/-344 739 +/-110 1183 +/-110 
.. 
6.180 Left2 75 700 +/-176 1576 +/-195 1648 +/-176 932 +/-235 1660 +/- 206 1647 +/-175 
8.012 Left3 75 1028 +/-182 991 +/-121 1275 +/-111 1557 +/-276 1187 +/-145 1449 +/-126 
I 
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Table 45 continued 
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F 7.945 Right 1 75 622 +/-143 1095 +/- 92 . 1636 +/-134 937 +/-216 1306 +/-110 1851 +/-151 
(cont) 4.194 Right2 . 60 1265 +/-198 1475 +/-173 1195 +/-150 1830 +/- 286 1689 +/;.199 1297 +/- 163 
6.106 Right3 75 885 +/-170 1159 +/-139 1789 +/-147 1172 +/- 225 1214 +/-145 1778 +/-146 
G 5.172 Left1 70 1408 +/-203 2677 +/-190 2872 +/-234 1894 +/-272 2849 +/-202 2899 +/-236 
5.108 Left2 70 2507 +/-289 2715 +/-242 1307 +/-163 3355 +/-386 'li376 + 1- 256 1313 +/-164 
6.162 Left3 60 1062 +/-215 2218 +/-Z30 2119 +/- 221 1790 +/- 363 2959 + 1- 307 2681 +/-280 
1.097 Right 1 60 2266 +/-302 3323 +/-263 3061 +/-254 2645 +/-352 3069 +/-243 2681 +/- 223 
6.110 Right2 60 983 +/-161 2853 +/-266 2023 +/-231 1651 +/-270 3791 +/-353 2550 +/-292 
1.158 Right3 60 2871 +/- 333 3790 +/-308 2358 +/- 232 3366 +/-391 3515 +/-286 2075 +/-204 
8.093 Right3 60 1360 +/- 248 1491 +/-165 1724 +/-198 2638 +/- 481 2288 +/-253 2510 +/-289 
H 5.926 Left1 60 1403 +/-186 783 +/-119 ' ＸＹｾ＠ +/-105 2313 +/-307 1021 +/-156 11l.l +/: 129 
18.096 Left1 75 615 +/-101 625 +/-57 657 +/-57 1883 +/-308 1514 +/-137 1510 ＫＯｾ＠ 132 
7.151 Left2 70 693 +/-84 1876 +/-191 1124 +/-1.26 1066 +/-129 2283 +/-232 1298 +/;.145 
5.982 Left3 70 793 +/-168 1013 +/-108 1300 +/-163 1124 ＫＯＭＲＳｾ＠ 1137 +/-121 1384 +/-174 
0.933 Right1 60 1.256 +/-194 1161 +/-139 ｾ＠ +/-199 1466 +I- ZlJj 1072 +/-128 2316 +/-174 
i 
7.096 Right2 70 1419 +/-194 2255 +/-191 ＹＷｾ＠ +/-108 2174 +/-297 2734 +/-232 1117 +/-124 
18.149 Right2 75 451 +/-80 1121 +/-138 508 +/-53 1386 +I- 245 2725 +/-335 1172 +/-1.22 
0.990 Right3 60 1291 +/-243 1546 +/-167 2438 +/-210 1513 +/-285 1433 + 1- 155. 2144 +/-184 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ ＭＭ ＭＭｾＭＭＭＭＭＭＭＭＭＭｾＭ
....., 
0 
0 
Table4.6 
Subject Measurements of Spatial Distribution - Raw and Corrected Counts from Late Measurements (Collimators 3) 
(Errors are quoted at the 95% Confidence Level) 
Subject · TimeSince Geometry Count Count Results Corrected Count 
Inhalation Time Detector Detector 
(Days) (mins) 1 2 3 1 2 3 
A 56.062 Left1 60 0 +/-0 127 +/-32 100 +/-29 0 +/-0 5538 +/-1413 4137 + 1- 1208 
56.117 Left1 75 308 +/- 44 170 +/-37 128 +/- 34 13631 +/-1956 5953 + 1- 1296 4252 + 1- 1137 
48.087 Left2 60 305 +/-43 462+/-76 239 +/-70 9607 + 1- 1349 ｾＱＵＰＲ＠ + 1- 1905· 5639 + 1- 1661 
35.092 Left3 60 460 +I- 233 846 +/-164 1084 +/-194 5817 + 1- 2945 .8469 +/-1642 10301 + 1- 1844 
48.130 Right1 60 208 +/- 38 402 +/-47 429 +f,. 47 6572 + /- 1191 10049 + 1- 1166 10174 +/-1124 
35.163 Right2 60 727 +/-101 1131 t/-110 941 +/-105 9250 + 1- 1286 . 11386 + 1- U09 8987 + /-.1002 
48.037 Right3 60 367 +/-45 387 +/-45 440 +/-76 11520 +/-1425 9611 + 1- 1130 10367 + 1- 1798 
B 31.935 Left1 60 546 +/-98 555 +/-52 884 +/-64 6359 +/-1145 5114 +/-483 71'l:l +/-556 
33.149 Left2 60 623 +/-100 836 +/-86 693 +/-83 . 7941 +/-1'l:/4 8426 +/-864 6630 +/-798 
32.045 Left3 60 386 +/- 46 972 +/-67 852 +/-104 4532 +/-540 9030 +/-618 7509 +/-917 
33.040 Right 1 60 90 +I- 31 480 +/-49 880 +/-105 1138 +/-391 4802 +/-494 8351 +/- 997 
32.102 Right2 60 676 +/- 83 895 +/-119 518 +/-78 7965 +/-983 8350 +/-1112 4580 +/-687 
33JJ97 Right3 60 585 +1-54 668 +/-57 .836 +/-84 7428 +/-686 6711 +/-570 7963 +I- 803 
c 41.167 Left1 85 521 +/-82 643 +/-84 332 +/-46 7419 +/-1167 7246 +/- 942 3552 +/-492 
38.080 Left2 75 688 +/-59 762 ＫＯｾＶＱ＠ 662 +/-83 8922 +/-769 7819 +/- 626 6444 +/-805 
! 
I 36.082 Left3 75 ｾＶＱ＠ +/- 80 917 +/-66 975 +/-89 6305 +/-899 8162 +/-586 8229 +/-754 
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c 41.090 Right 1 75 328 +/-45 410 +/-48 530 +/-79 5270 +/-726 5212+/-613 6385 +/-952 
(cont) . 36.137 Right2 75 695 +/-131 791 +/- 85 325 +/-44 7849 +/-1484 7064 +/-763 2755 +/- 372 . 
38.134 Right3 75 480 +/-51 874 +/-87 527 +/-79 6249 +/-669 9003 +/-895 5150 +/-776 
D 35.115 Leftl 75 1311 +/-170 613 +/-82 . 677 +/- 83 13330 + 1- 1731 4934 +/-658 5169 +I- 635 
32.016 Left2 75 701 +/-132 1892 +/-172 1410 +/-129 5736 +/-1078 12249 + 1- 1110 8657 +/-792 
33.197 Left3 60 1094 +/-138 765 +/-102 943 +/- 89 12157 + 1- 1534 6726 +/-901 7866 +/-739 
35.174 Right 1 75 348 +/- 45 569 +1-55 1464 +/-129 3554 +/-463 4598 +/-443 11224 + /- 988 
33.142 Right2 75. 1398 +/-129 1566 +/-143 1084 +/-124 12376 + /- 1142 10973 + 1- 1000 721)2 + 1- 873 
31.962 Right3 75 1151 +/-173 887 +/-88 1666 +/-119 9382 + 1- 1413 . 5718 +/-565 10193 +/-730 
E 25.940 Left1 75 1362 +/-174 1246 +/-111 1183 +/-125 7375 +/-943 5341 +/-477 4808' + 1- 510 . 
28.178 Left2 75 1150 +/-152 1345 +/-162 1174 +/-138 7299 +/-963 ! 6755 +I- 813 5593 +/-659 
26.941 Left3 75 1238 +/-180 1251 +/-126 1065 +/-110 7199 + 1- 1050 5756 +/-578 4648 +/-478 
: 
28.114 Right 1 75 699 +/-102 1007 +/-109 2049 +/-150 4417 +/-646 5034 +/-542 9718 +/-714 
26.000 Right2 75 2127 +/-197 1735 +/-158 1295 +/-141 11569 + 1- 1071 7466 +/-678 5288 + 1- 571 
27.003 Right3 75 1068 tl-162 1487 +/-116 2156 +/-151 6238 +/-945 6ID2 + 1- 537 9452 +/-661 
F 27.183 Left1 75 750 +/-103 869 +/-105 714 +/-103 4380 +/-603 4016 +/-486 3130 +/-452 
25.195 Left2 60 777 +/- 61 991 +I- 89 925 +I- 65 4932 +/-387 4974 +/-449 4407 +/- 310 
: 26.001 Left3 75 812 +/-117 912 +/-122 855 +I- 86 4361 +/- 631 3878 +/-520 3447 +/-345 
. 25.131 Right 1 75 834 +/-64 1201 +/-74 1067 +/-108 4216 +/- 323 4804 +/-297 4048 +I- 410 
" ' 
27.105 Right2 75 958 +/-123 1008 +/- 69 1052 +/-108 5565 +/-716 4633 +/- 315 4587 +/-470 
25.935 Right3 75 610 +/-117 1175 +/-93 944 +/-88 3263 +/-628 4973 +/-396 3790 +/-354 
------------- -----
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G 24.945 Left 1 65 . 340 +/-111 650 +/-82 664 +I- 58 2069 +I- 675 3130 +/-395 3033 +/·263 
. 'lfi987 Left2 60 401 +/-78 484 +/-76 346 +/-45 3066 +I- 593 2925 +/- 460 1986 +/-?.57 
25.947 Left3 70 367 +/-50 765 +/-85 567 +/- 98 2230 +/-302 3676 +/-407 2586 + 1- 449 
26.015 Right 1 60 467 +/-79 616 +/- 98 469 +/-50 3324 +/-564 3473 +/-552 2508 +/-268 
25.003 Right2 65 336 +/-48 699 +/-82 781 +/-103 2053 +/- 293 3380 +/- 398 3582 +/-474 
26.931 Right3 60 506 +I- 99 734 +/-83 337 +/-74 3853 +/-753 4422 +/-500 1926 + 1- 424 . 
H 21.090 Left1 75 1313 +/-165 836 +/-88 1209 + 1- 1'15 4945 +/-623 2491 +/-263 3417 +/-353 I 
28.929 Left2 60 399 +/- 48 1045 +/-70 536 +/-52 3231 +/-389 6695 +I- 448 3257 + 1- 318 
32.926 Left3 60 424 +/-48 562 +/-53 616 +/-55 4526 +/-517 4747 + 1-·446 4936 + 1- 438 . 
25.088 Left 3* 70 277 +/-75 492 +/-52 460 +/-77 1471 +/- 397 2071 +/-217 1835 +/-309 
21.147 Right1 75 741 +/-132 1170 +/-111 2406 +I- 201 2802 +/- 501 3500 +/-332 6828 +/-572 
25.146 Right2 . 75 ,337 +/-50 732 +/-60 304 +/-44 ' 1680 + 1- 247 2888 +/- 238 1138 +/-165 
32.972 Right2 60 489 +1-18 985 +/-89 413 +/-47 5237 +/-837 8343 +/-754 3320 +/-376 
28.983 Right3 60 687 +/-84 623 +/-82 758 +/-84 5583 +I- 681 4003 +/-525 4624 +/-509 
• Measurement was accidently made with collimators 1 
Table 4.7 
Phantom Overlays used to Simulate Subject Physique 
Subject Overlay Used Corresponding Phantom 
Chest-wall Thickness (nun) 
A B2 28.5 
B B3 33.5 
c B4 41.0 
D B2 28.5 
E B2 28.5 
F B2 28.5 
G B3 33-.5 
H B2 28.5 
103 
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Overlay Time Since 
Production 
(Days) 
None 5.026 
2.937 
5.119 
4.163 
5.256 
4.009 
B1 5.003 
2.965 
5.142 
4.189 
3.233 
4.117 
B2 4.980 
2.990 
' 
: 
5.165 
-----------
Geometry Count 
Time 
( . _, 
mmsJ 
: 
Left 1 30 
Left2 30 
Left3 30 
Right1 30 
Right2 30 
Right3 30 
Left1 30 
Left2 30 
Left3 30 
Right 1 30 . 
Right2 30 
Right3 30 
Left 1 30 
Left2 30 
Left3 30 
Table4.8 
Phantom Measurements of SPatial Distribution (Collimators 1) 
(Errors are quoted at the 95% Confidence Level) 
Count Results 
Detector . . 
1 2 3 1 
2547 +/-371 4044 +/-274 4921 +/-355 7042 +/-1025 
4505 +/-382 6734 +/-473 1494 +/-210 10799 + 1- 915 
1852 +/-321 4360 +/-291 6886 +/-411 5153 +/-893 
4263 +/-431 5455 +/-358 5573 +/-382 11112 + 1- 1123 
3323 +/-351 8122 +/-425 5025 +I- 380 9333 +/-985 
6391 +/-522 6252 + 1- 367 ' .3Zl7 +/-301 16485 +/-1347 
2324 +/-352 4104 +/-268 4890 +/-331 6416 +/-972 
4052 +/-380 6262 +1-445 1318 +/-227 9733 + 1- 912. 
1615 +/-314 3689 + 1- '2Z7 6312 +/-397 4501 +/-875 
4225 +/-394 5550 +/-373 5157 +/-376 11033 + 1- 1028 
4170 +/-514 8082 +/-652 4890 +!-445 8510 + /- 1051 
5895 +1-459 4715 +/-343 2365 +/-257 15318 +/-1193 
2416 "+!- 365 3825 +/-297 4296 +I- 356 6659 + 1- 1007 
3623 +/-373 5608 +/-409 1269 +/-182 8717 +/-897 
1550 +I- 293 3557 +/-264 6049 +I- 351 4325 +/-817 
Corrected Count 
Detector 
2 3 
8846 +/-599 10213 +/-736 
12773 + 1- 897 2688 +/-378 
9599 +/-641 14381 +/- 859 
11251 + 1- 738 Ｑｾ＠ +/-748 
18049 + 1- 945 10594 + 1- 801 
I 
12760 + 1- 749 ＶｾＵ＠ +/-583 
I • 
8964 +/-586 10133 +/-685 
11901 + 1- 846 . . 2376 + 1- 409 
8135 +I- 632 ＱＳｾ＠ +/-809 
; 
11467 +/-770 ＱＰｾＰＷ＠ + 1- 737 
16494 + 1- 1331 9980 +I- 910 
9694 + 1- 706- 4613 +I- 502 
8341 +/- 647 8888 +/-737 
10676 +/-779 2292 +/-328 
7856 +/-583 12674 +/-736 
--- - - - - - -- - - - - - - - - - ... - - - - - - - - - ··- - ... - - - - - · - ..... - - - - -
I 
...... 
0 
l11 
"'- -- - --
B2 
(cont) 
B3 
B4 
.--.. ... . -. ..... ＭＭ ﾷ ｾ＠
4.213 
·3.160 
4.091 
4.956 
3.015 
5.188 
4.237 
4.990 
4.067 
4.933 
3.039 
5.210 
4.896 
5.233 
4.040 
Table 4.8 continued 
- ..... . - - - .. r- · - - - - - - - - - - - - - - - - - · - •. - .- - ,. ·.- ..... ｾ＠ ..... ｾ＠ ..... . ._ .... ,.., - .. - ·- - - .... - - - .. ｾ＠
Right 1 30 4024 +/-365 5306 +/-3.55 5389 +/- 339 10525 + 1- 956 10981 + 1- 734 10579 + 1- 665 
Right2 30 3666 +/-470 7208 +/-595 4794 +/-470 7445 +/- 954 14636 +/-1209 9736 +/- 954 . 
Right3 30 5802 +/-431 4506 +/-329 2536 +/-235 15049 +/-1117 9248 +I- 674 4937 +/-458 
Left 1 30 2415 +/-326 3511 +/-257 4124 +/- 356 6645 +I- 898 7643 +/-560 8518 +/-736 
Left2 30 3833 +/-346 4729 +/-370 1188 +/-190 9238 +/-835 9018 +/-706 2148 +/-344 
Left3 30 1587 +/-265 3168 +/- 250 5497 +/-363 4437 +/-741 7008 +/-553 11535 + /- 761 
Right 1 30 3839 +/- 365 5227 +/-322 4523 +/-360 10058 + 1- 957 10835 + 1- 668 8895 +/-707 
Right2 30 2915 +/-383 5767 +/-485 4076 +/-383 6707 +/- 881 13267 + 1- 1115 9378 +/-881 
Right3 30 5417 +/-433 4585 +/-316 2036 +/-243 14028 +/-1122 . 9395 +/-647 3958 +/-472 
Left1 30 2072 +/-304 3340 +/-265 4017 +/-318 5693 +I- 836 7261 +/- 576 8284 +/- 656 
Left2 30 3558 +/- 340 ' 3676 +/-349 1143 +/-169 8590 t/-820 7021 +/-667 2071 +/-305 
Left3 30 1264 +/-282 2764 +/-254 4811 +/-352 3539 +/-789 6123 +/-562 10111 +/-739 
' 
-·: 
Right1 30 3693 +/-348 4556 +/-315 4200 + 1- 'lE7 10121 + 1- 953 9879 +/-683 8639 +/-591 
Right2 30 2037 +/-263 5133 + t:· 361 4065 +/-295 5712 +/-737 . 11388 + 1- 814 8556 + 1- 621 ' 
Right3 30 4466 +/-412 4450 +/-331 1908 +/-242 11544 + 1- 1065 9101 +/-678 3702 +/-469 
._. 
0 
0\ 
Overlay 
None 
Bl 
B2 
-
:._--
Time Since 
·Production 
(l)ays) 
23.945 
29.003 
21.910 
30.990 
27.128 
27.164 
23.913 
28.970 
22.065 
30.958 
27.095 
27.199 
23.984 
28.930 
22.008 
ｾＭ Ｍｾ＠
Geometry Count 
Time 
(mins) 
Left1 45 
Left2 45 
Left3 45 
Right 1 45 
Right2 45 
Right3 45 ' 
Left1 45 
Left2 45 
Left3 120 
Right 1 45 
Right2 45 
Right3 45 
Left 1 45 
Left2 45 
Left3 40 
Table4.9 
Phantom Measurements of Spatial Distribution (Collimators 3) 
(Errors are quoted at the 95% Confidence Level) 
Count Results 
Detector 
1 2 3 1 
3169 +I- 326 6202 +/-277 4744 +/-297 5819 +I- 598 
3397 +/-260 4670 +/-317 1784 +/-196 8812 +/-674 
1820 +/-283 6946 +/-306 9074 +/-409 2908 ＫＯＭＴＵｾ＠
2412 +/- 271 4095 +/-248 4967 +/-293 7166 +/-806 
4271 +/-297 7776 +/- 371 4668 +/-305 9748 +/- 677 
6445 +I- 368 6103 +/-309 3684 +/-252 147-:16 +/-842 
; 
3113 +/-309 5376 +/-281 4294 +/-336 5705 +/-566 
3241 +/-277 3617 +/-256 1762 +/-165 8141 ＫＯＭｾＵＸ＠
4721 +/-463 15675 +/-525 22479 + 1- 636 2860 +/-280 
2359 +/-243 3865 + /- 'l£>4 4784 +/-294 6993 +/-721 
3690 +/-265 7185 +/-354 4400 +I- 280 8403 +/- 604 
5631 +/- 357 5674 +/-320 3237 +/-239 12914 + 1- 818 
2825 +/- 278 4791 +/- 283 4320 +/-297 5201 +I- 511 
3241 +/-277 3677 +/- 256 1555 +/-168 8365 +/-716 
1575 +/- 237 5236 +/-297 7032 +/-344 2851 +I- 429 
Corrected Count 
Detector 
2 3 
9011 +/-403 6540 +/-409 
9585 +/-650 3473 +/-382 
8783 +1-?R!l 10886 + 1- 491 
9625 +/-583 11075 + 1- 653 
14042 + 1- 669 7997 +/-523 
11048 + 1- 559 6327 +/-432 
7795 +/-408 5906 +/-462 
8554 +J-585 3423 +/-321 
7513 +/-252 10220 +/-289 
9066 +I- 619 10645 + 1- 655 
12946 + 1- 638 7521 +/-479 
10295 + 1- 580 5572 +/-411 
6980 +/-412 5971 +/-410 
7509 +/-523 3013 +/-326 
7499 +/-426 9554 +/-467 
_._. ------------ ........... __ - ------- ＭＭＭｾＭＭＭＭＭＭＭｾＭｾＭｾｾＭｾＭＭ
t-' 
0 
-...] 
I 
ｾＭＭＭＭＭＭＭＭ
B2 30.922 
(cont) - 27.061 
28.000 
B3 24.018 
28.896 
21.976 
29.065 
26.231 
28.033 
B4 24.051 
28.222 
21.943 
31.023 
26.032 
27.264 
------- -----
Right 1 45 2508 +I- 220 
Right2 45 3329 +/-287 
Right3 45 5018 +/-355 
Left1 45 2538 +/-280 
Left2 45 3122 +/-231 
Left3 .45 1601 +/- 252 
Right 1 120 6836 +/-416 
Right2 120 8244 +/-447 
Right3 45 4855 +/-333 
Left1 120 5906 +/-468 
Left2 120 7972 +/-469 
Left3 45 1592 +/-237 
Right 1 45 '2217 +1-'225 
Right2 55 3305 +/-293 
Right3 120 12343 + /- 568 
Table 4.9 continued 
ｾ＠ - - ·- - - - - - - ----------- -----
3644 +I- 261 4426 +I- 268 7415 +/-650 8526 +/-610 9824 +/-595 
6267 +/-313 4772 +/-273 7563 +/-653 11265 + 1- 562 8138 + 1- 466 . 
4904+/-268 2898 +/-250 12155 + 1- 861 9398 +/-513 5269 +/-454 
4690 +/-294 4402 +/-314 4684 +/-517 ' 6849 +/-429 6098 +/-435 
3417 +/-243 1377 +/-141 8039 +/-594 6961 +/-494 2662 +/-273 
4891 +/- 274 7382 +/- 401 2570 +/-404 6213 ＫＯｾＳＴＸ＠ 8896 +/-483 
10721 +/- 414 12200 + 1- 468 6678 +/-407 8286 +/-320 8945 +/-343 
16116 +/-566 11718 + 1- 481 6637 +/-360 10265 +/-361 7081 +/-291 
4036 +/-284 2918 +/-225 11787 + 1- ＸｾＷ＠ 7753 +/-545 5317 +/-411 
11163 + 1- 444 11088 '+ 1- 452 4097 +/-325 6127 +/-244 5773 +!-235 
8094 +/- 393 , 3004 ;i-/- 271 7352 +/-433 5906 +/-287 2079 ＫＯＭＱｾ＠
4822" + 1- 286 6997 (1-352 2550 +/-380 6112 +/-362 8413 +/-423 
3106 +/-233 3984 +/-242 6601 +/-670 7318 +/-548 8904 +/-541 
7019 +/-354 4964 +/-284 5726 +/-?08 9623 +/-485 6456 +/-370 
10886 + 1- 431 6674 ｾＯＭＳＷＲ＠ 10662 +/-490 7440 +/-295 4327 +/-242 
f-1 
0 
CX) 
Subject Geometry 
A Left1 
Left2 
Left3 
Right 1 
Right2 
Right3 
B Left1 
Left1 
Left2 
Left2 
Left3 
Right 1 
Right 1 
. Right2 
Right2 
Right3 
Table4.10 
Subject Measurements of Spatial Distribution- Predicted Counts and Final Ratios (Collimators ll 
(Errors are quoted at the 95% Confidence Level) 
Subject Phantom Predicted Count Count Ratio (Observed/Predicted) 
Total Total Detector Detector 
Count Count 1 2 3 1 2 3 
-
6848 23888 1909 +/-332 2391 +/- Z/6 2548 +/-304 13 +/-03 0.8 +/-0.1 0.9 +/-9.1 
7318 21686 2942 +/-388 3603 +/-397 773 +/-128 1.0 +I- 02. 0.8 +/-0.1 2.0 +/-0.4 
(f6!9 24855 1197 +/- 246 2174 +/-239 3508 +/-350 26 +/- 0.6 1.4 +/-02. 0.2 +I- 0.1 
i 
7967 32086 2614 +/-320 2727 +/-289 2627 +/-272 0.8 +/-0.2 1.0 +/-0.1 1.2 +/- 0.2 
8619 31816 2017 +/-300 3965 +/-443 2637 +/-326 1.5 +/- 03 0.7 +/- 0.1 1.0 +/- 0.1 
i 
8819 29234 4540 +!-.513 279P +/-313 1489 +/-187 0.9 +I- 02. 1.1 +/-; 0.2 1.1 +/- o.2· I 
195l +/-223 
I 
5822 22807 1697 +/-274 2175 +/-268 1.6 +I- 03 0.8 ＫＯｾＰＮＱ＠ 0.7 +/- 0.1 
5861 22807 1708 +/-291 1964 +/-249 2189 +/;.296 1.8 +I- 0.4 0.6 +/-0.1 0.8 +f-·02. 
7310 20405 3309 +/-299 3231 +/-253 770 +/-139 0.7 +/-0.1 1.1 +/.;.0.2 1.7 +/-0.4 
! 
7335 20405 3321 +/-425 3241 +/-388 772 +/-124 0.4 +/-0.1 13 +I- 0.2 2.1 +/-05 
6828 22980 1318 +/-253 2082 +/-257 3428 +/-396 1.6 +/-0.4 1.0 +/- 0.2 0.8 +/-0.1 
6961 29788 2350 +/- 281 2532 +/-241 2079 +/-223 1.1 +/-0.2 0.8 +I- ().1 1.1 +/- 0.2 
6005 29788 . 2027 +/-253 2184 +/-22;3 1793 +/-204 0.7 +/- 0.1 1.0 +/- 0.1 1.4 +I- 0.2 
8260 29353 1887 +/-293 3734 +/-441 2639 +/-330 1.0 +I- 02 1.4 +/- 0.2 0.5 +I- 0.1 
8398 29353 1919 +/-297 3796 +/- 446 2683 +/-335 . 1.3 +/- 03 1.0 +/- 0.1 0.7 +/-0.1 
6323 27381 3239 +/-385 2169 +/-242 914 +/-135' 0.9 +/-0.2 0.6 +/-0.1 2.2 +/-0.4 
._ ___ ·----L....-------- ----------- - - - - - ＭｾＭ - -- - - - - -- - - - ---
...... 
0 
\.0 
,..,. .... ｾＭＭＭ
c 
D 
E 
F 
------
Table 4.10 continued 
,-------------------·---------------------- -- ｾＭＭＭＭＭ
Left 1 6077 21237 1629 +/- 280 2078 +/-'2A7 2370 +/-282 1.1 +/- 0.3 1.2 +/- 0.2 0.8 +I- 0.1 
Left2 6777 17682 3292 +/-422 2691 +/-344 794 +/-135 05 +/-0.1 0.9 +I- 0.1 3.4 +I- 0.7 
Left3 6712 19773 1201 +/-286 2079 +/- 258 3432 +/-382 1.3 +/- 0.4 13 +/-0.2 0.7 +/- 0.1 
Right 1 5988 28638 2116 +/-282 2066 + 1- '2A2 1806 +/-210 0.8 +I- 0.2 0.9 +I- 0.2 1.4 +/-0.2 
Right2 6493 25657 1446 +/- 217 2882 + 1- 303. 2166 +/-229 1.4 +/- 03 0.9 +/-0.1 0.9 +/-0.1 
Right3 2433 24348 2576 +/-346 2031 +/-250 826 +/-132 0.7 +/- 0.1 0.6 +/-0.1 3.0 +I- 0.6 . 
Leftl 7582 23888 2114 +/-367 2647 +/-306 2821 +/- 336 2.0 +/- 0.4 0.7 +/- 0.1 05 +/-0.1 
Left2 8543 21686 3434 +/-457 4206 +/-470 903 +/-150 05 +/-0.1 0.9 +I- 0.1 3.6 +I- 0.7 
Left3 8077 24855 1406 +/- 290 2553 +/-285 4119 +I- 418 2.7 +/- 0.6 1.0 +/-,0.1 0.4 +I- 0.1 
Right 1 7797 32086 2558 +/-302 2669 +I- 269 2571 +/-252 0.7 +/- 0.1 0.9 +I- 0.1 1.4 +/-0.2 
Right2 12J567 31816 2964 +/-450 5827 +/-676 3876 +/- 494 1.6 +1-'03 1.0 +/- 0.1 05+/-0.1 
Right3 7648 29234 3937 +/-441 2420 + 1- 2£>9 1292 +/-161 05 +/-,0.1 0.8 +/-0.1 2.9 +I- 0.4 
Left! 5542 23888 1545 +/-275 1935 +/-235 2062 +/-258 1.2 +/.'0.3 1.0 +I- 0.1 0.8 +/-0.1 
Left2 6027 21686 2423 +/- 3'2IJ 2967 +/-328 637 +/-105 0.9 +/- 0.2 0.7 +/- 0.1 25 +1-05 
Left3 5349 24855 931 +/-199 1691 +/-211 2727 +/-315 1.3 +/- 0.4 1.2 +/-0.2 0.8 +/- 0.1 
Right 1 7219 32086 1368 +/-278 2471 + 1- '2A1 2380 +/-232 1.1 +I- 0.2 0.9 +I- 0.1 1.0 +I- 0.1 
Right2 7521 31816 1760 +/-272 3460 +/-412 2301 +I- 300 1.4 +/-0.3 0.9 +I- 0.1 0.8 +I- 0.2 
Right3 6660 29234 3428 +/-358 2107 +/-218 1125 +/-133 0.7 +/-:0.1 0.9 +/-.0.1 2.0 +I- 03 
Left 1 4485 23888 1250 +/- 229 1566 +/-202 1669 +I- 220 2.0 +I- 0.5 05 +I- 0.1 0.7 +/- 0.1 
Left2 4238 21686 1704 +/-247 2087 +/-261 448 +/-79 0.5 +I- 0.2 0.8 +/-0.1 3.7 Ｋｉｾ＠ 0.8 
Left3 4193 24855 730 +/-154 nzs +/-159 2138 +/- 237 2.1 +/- 0.6 0.9 +I- 0.2 0.7 +/- 0.1 
-----
--- ｾ＠ ........ --------- .. 
... ._.._...._. __ 
....... ._.. ._.. - - -
-------- ------- ---- ------. 
1-' 
1-' 
0 
Table 4.10 continued 
. ,..... __ ,.._, __ ·r- .--- ..... ｾ＠ - - ......... - ｾＭ .__. - _.- .- ..- - - · ｾ＠ .... .- - - ..... . - - - ...... - - - •r-- -- - - ..... -- - Ｍ ｾ Ｍ .............. :- ... ＮＮ｟ Ｎ ｾ＠ ..... - ... .... 
F Right 1 4094 32086 1343 +/-164 1401 +/-·148 1350 +/-139 0.7 +/-0.2 0.9 +/- 0.1 . 1.4 +/- 0.2 
(cont) Right2 4816 31816 1127 +/-182 2215 +/-284 1474 +/-204 1.6 +/- 0.4 0.8 +/- 0.1 0.9 +I- 0.2 
Right3 4165 29234 2144 +/-246 1318 +/-150 703 +/- 90 0.5 +/- 0.1 0.9 +/-0.2 2.5 +/-0.4 
. . . .. 
G Left1 7641 22807 2227 +/-348 2561 + 1- 274 . 2854 +/-333 0.9 +/-0.2 . 1.1 +/-0.1 1.0 +/- 0.1 
Left2 7544 20405 3416 +/-426 3334 +/-388 794 +/-144 1.0 +/- 0.2 0.9 +I- 0.1 1.7 +/-0.4 
Left3 7430 22980 1435 +/-273 2266 +/-272 3730 +/- 419 1.2 +/-03 13 +I- 0.2 0.7 +/- 0.1 
Right 1 8395 29788 2835 +/-341 3054 +/-293 2507 +/- 271 0.9 +/- 0.2 1.0 +/- 0.1 1.1 +/-0.1 
Right2 7992 29353 1826 +/-288 3612 +/-439 2553 +/-328 0.9 +/- 0.2 1.0 +/- 0.2 1.0 +/- 0.2 . 
Right3 8956 27381 4589 +/-511 3073 +/-318 1295 +/-184 0.7 +/- 0.1 1.1.+/- 0.2 1.6 +/- 03 
I 
Right3 7436 27381 3810 +/-479 2551 +/-303 1075 +/-165 0.7 +/- 0.2 0.9 +/- 0.1 23 +I- 0.4 I 
. . . 
H Left 1 4446 23888 1239. +I- 226 1552 +/-198 1654 +/- 'f-17 1.9 +/- 0.4 0.7 +/- 0.1 0.7 +/-0.1 
Leftl 4906 23888 1368 +/-244 1713 +/-209 1825 +/- 229 1.4 +/- 03 0.9 +I- 0.1 0.8 +/- 0.1 
Left2 4647 21686 1868 +/-251 2288 +/-259 491 +/-82 0.6 +I- 0.1 1.0 +/ .. 0.2 2.6 +I- 0.5 
Left3 3646 24855 634 +/-1.36 1152 +/-144 1859 +/-216 1.8 +/-05 1.0 +/- 0.2 0.7 +/-0.1 
Right 1 4855 32086 1593 +/-190 1661 +/-170 1601 +/-160 0.9 +/-0.2 0.6 +I- 0.1 1.4 +/- 0.2 
Right2 6025 31816 1410 +/-219 2771 +/-333 1844 +/-242 15 +1-03 1.0 +/- 0.1 0.6 +I- 0.1 
Right2 5283 31816 1236 +I- 201 2430 +/-315 1616 +/- 226 1.1 +/-0.3 1.1 +I- 0.2 0.7 +/- 0.1 
Right3 5091 29234 2621 +/-300 1610 +/-183 860 +/-109 0.6 +/-0.1 0.9 +1-:0.1 2.5 +I- 0.4 
...... 
...... 
...... 
Subject 
A 
B 
c 
....... ｾ＠ ... 
Geometry 
Left1 
Left 1 
Left2 
Left3 
Right 1 
Right2 
Right3 
Left1 
Left2 
Left3 
Right 1 
Right2 
Right3 
. 
Left! 
Left2 
Left3 
Table4.11 
Subiect Measurements of Spatial Distribution -·Predicted Counts and Final Ratios (Collimators 3) 
(Errors are quoted at the 95% Confidence Level) 
Subject Phantom Predicted Count Count Ratio (Observed/Predicted) 
· Total Total Detector Detector 
Count Count 1 2 3 1 2 3 
i 
9674 18152 0 +/-Q 3721 +/-765 3183 +/- 663 0 +/-0 1.5 +/-0.5 13 +/-0.5 
23837 18152 6830 +/-1046 9166 + 1- 1205 7841 +/-1067 2.0 +/-0.4 0.6 +I- 0.2 0.5 +I- 0.2 
26748 18887 11847 + 1- 1729 10635 + 1- 1459 4266 +/-683 0.8 +/- 0.2 1.1-+/- 0.2 13 +/-0.4 
24588 19904 3522 +/-776 9264 + 1- 1581 11802 + 1- 1985 1.7 +/- 0.9 0.9 +I- 0.2 0.9 +/-0.2 
26794 25765 7711 +/-946 8867 +/- 990 10217 +/-1073 0.9 +I- 0.2 1.1 +/-0.2 1.0 +/-0.2 
29622 26965 8308 +/-955 12375 ＫＯＭＱｾ＠ 8940 +I- 849 1.1 +/- 0.2 0.9 +I- 0.1 ' 1.0 +/- 0.1 
31497 26822 14274 + 1- 1646 11036 +/-1171 6188 +/- 775 0.8 +I- 0.1 0.9 +I- 0.1 1.7 +/-0.4 
r 
19200 17632 5101 +/-709 7458 +/-783 6641 +/-733 1.2 +/- 03 0.7 +/- 0.1 1.2 +/- 0.2 
22997 17662 . 10468 +/-12JJ7 9064 + 1- 1029 3466 +/-470 0.8 +I- 0.1 0.9 +/- 0.1 1.9 +I· 0.3 
21071 17679 3064 +/-528 7405 +/-671 10603 + 1- 949 1.5 +I- 0.3 1.2 +/- 0.1 0.7 +/- 0.1 
14291 23910 3992 +/-422 4953 +/-469 5347 +/-506 0.3 +/-0.1 1.0 +/- 0.1 1.6 +/-0.2 
20895 23982 5782 +/-568 8944 +/-446 6169 +/- 566 1.4 +/- 0.2 0.9 +f.:: 0.1 0.7 +/-0.1 
22101 24857 10480 +/-1019 6893 + 1- .679 4728 +/-490 0.7 +/- 0.1 1.0 +/- 0.1 1.7 +/- 0.2 
18217 15997 4665 +1-565 6977 +/- 696 6575 +/-658 1.6 +/- 03 1.0 +/- 0.2 0.5 +I- 0.1 
23185 15338 11113 +/-982 8928 +/-731 3143 +/-366 0.8 +/- 0.1 0.9 +I- 0.1 2.0 +/-0.4 
22696 17075 3390 +/-558 8124 +/-745 11183 + 1- 963 1.9 +/- 0.4 LO +/- 0.1 0.7 +/-0.1 
.... _. ｾ＠ --.- - -- .... --- ....... -- -- ...... --- - ---
............... -. __ ..... ｾｾｾＮＮ｟Ｌ＠ ... .- ..... .... _ ＮＭＮＭＭｾ＠
----------
I 
ｾ＠
.... 
t-J 
Table 4.11 continued 
ｾＭＭＭＭ
--- - ·r-- - -- - ------- - r--- ·- - - - - - - - - - - - - - - - -- - -- ---
c Right 1 16867 22823 4879 +/- 666 5408 ＫＯｾＶＳＹ＠ 6580 +/-722 1.1 +/- 0.2 1.0 +/- 0.2 LO +/-02 
(cont) Right2 17668 21805 4639 +/- 632 7797 +/-897 5231 +/- 618 1.7 +/- 0.4 0.9 +I- 0.1 0.5 +I- 0.1 . 
Right3 20401 22430 9698 +I- 830 6767 +/-557 3936 +/-359 0.6 +/-0.1 13 +/-0.2 1.3 +/- 02 
D Left1 23433 18152 6714 +/- 912 9011 +/- 999 7708 +/-896 2.0 +I- 0.4 0.5 +I- 0.1 0.7 +l· 0.1 
Left2 26642 18887 11800 +/-1400 10592 +/-1141 4250 +/-577 0.5 +I- 0.1 1.2 +/- 0.2 2.0 +I- 03 
Left3 '2fj749 19904 3831 +/-655 10078 + 1- 1002 12840 + 1- 1221 3.2 +/- 0.7 0.7 +I- 0.1 0.6 +I- 0.1 
Right 1 19377 25765 5576 +/-639 6412 +/-658 7388 +/-705 0.6 +I- 0.1 0.7 +/- 0.1 1.5 +/-02 
Right2 30551 '2fj965 8569 +/-937 12762 +/-1068 9220 +/-814 1.4 +/- 0.2 0.9 +I- 0.1 0.8 +I- 0.1 
Right3 25293 26822 11462 +/-1210 8862 +/-846 4969 +/-579 0.8 +I- 0.2 0.6·+1- 0.1 2.1 +1-03 
E Left 1 17524 18152 5021 +/-635 6739 +/- 667 5764 +/-605 1.5 +/- 03 0.8 +I- 0.1 0$ +I- 0.1 
Left2 19647 18887 8702 + 1- 1068 7811 +/-876 3134 +/-437 0.8 +I- 02 0.9 +1- 0.1 1.8 +I- 03 
Left3 17603 19904 2521 +/-433 6632 +/-665 8450 +1-812 2.9 +I- 0.6 0.9 +I- 0.1 0.6 +I- 0.1 
! 
Right 1 19169 25765 5517 +/-6?3 6343 +/- 639 7309 +/-682 0.8 +I- 0.1 0.8 +I- 0.1 13 +/-02 
Right2 24323 '2fj96.? 6822 +/-749 10161 + 1- 855 7340 +/-651 1.7 +./- 0.2 0.7 +/- 0.1 0.7 +i-0.1 
Right3 22561 26822 10224 + 1- 1016 1905 +1-100 4432 +/-491 0.6 +I- 0.1 0.9 +I- 0.1 2.1 +/-03 
F Left1 115'2fj 18152 3303 +/-437 4432 +/-472 3791 +/- 426 13 +1-03 0.9 +I- 0.1 0.8 +/-02 
Left2 14313 18887 6339 +1-695 5691 +!-556 2283 +/-292 0.8 +I- 0.1 0.9 +I- 0.1 L9 +/-03 
Left3 11686 19904 1674 +/- 289 4403 +/-450 5610 +I- 550 2.6 +/- 0.6 0.9 +I- 0.1 0.6 +I- 0.1 
ｾ＠ Right 1 13068 25765 3761 +/-404 4324 +/-409 4983 +/- 432 1.1 +/- 0.1 1.1 +/- 0.1 0.8 +/- 0.1 
Right2 14784 26965 4147 +/-465 6176 +/-539 4462 +/- 409 i3 +/- 0.2 0.8 +/- 0.1 1.0 +/- 0.1 
Right 3 12027 26822 5450 +/-581 4214 +/-407 2363 +/-277 0.6 +I- 0.1 12 +I- 0.1 1.6 +/- 02 
--------------------
.........,_..,... ______ --- _...._.....,. ___ - -- __ ._I 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭ ＭＭＭＭＭﾷ ﾷ＠ --·-
f-1 
f-1 
w 
Table 4.11 continued 
r-- - - - - - - - - - - r- - - - ｾ＠ - - - - -:- - - - - - ｾ＠ ............ - -... - -- - ....., --- ...-. .............. ｾ＠ .,_. ｾ＠ --- - - ｾ＠ --
.. 
G Left 1 8231 17632 . 2187 +/- 341 3197 +/:.405 2847 +/-373 0.9 +/-03 1.0 +/- 0.2 1.1 +/- 0.2 
Left2 7976 17662 3631 +/-480 3144 +/- 411 1202 +/-181 0.8 +I- 0.2 0.9 +/-0.2 1.7 +/-03 
Left3 8492 17679 1235 +/- 223 2984 +I- 315 4273 +/-447 1.8 +/- 0.4 1.2 +/-0.2 0.6 +I- 0.1 
Right 1 9304 23910 2599 +/-291 3225 +/-326 3481 +/- 351 1.3 +/-03 1.1 +/- 0.2 0.7 +/-0.1 
Right2 9015 23982 2495 +/-241 3859 +/-336 2662 +/-239 0.8 +/-0.1 0.9 +/- ·0.1 13 +I- 0.2 
Right3 10201 24857 4837 +/- 613 3182 +/-406 2182 +/-287 0.8 +I- 0.2 1.4 +/-0.2 0.9 +I- 0.2 . 
H Left 1 10853 18852 3110 +/-399 4174 +/-423 3570 +/-383 1.6 +I- 03 0.6 +I- 0.1 1.0 +/-0.1 
Left2 13183 18887 5839 +/- 651 5241 +/-523 2103 +/-273 0.6 +I- 0.1 13 +I- 0.2 15 +/-0.3 
Left3 14210 19904 2035 +/-337 5354 +/-478 6821 +/-576 2.2 +/-9.4 0.9·+/- 0.1 0.7 +/- 0.1 · 
Left 3* 5377 24855 936 +/-206 1700 +/- 231 2742 +/-350 1.6 +I- 05 1.2 +/- 0.2 0.7 +/-0.1 
Right 1 13130 25765 3779 +/-438 4345 +/-452 5006 +I- 485 0.7 +/- 0.2 0.8 +I- 0.1 1.4 +/-0.2 
Right2 5706 2696,? 1600 +/-184 2383 +/-217 1722 +/-164 ' 1.0 +/- 0.2 1.2 +I- 0.1 0.7 +/- 0.1 
Right2 16900 26965 4740 +/-555 7060 +/-660 5100 +/-498 1.1 +I- 0.2 1.2 +/- 0.2 0.7 +/-0.1 
Right3 14210 26822 6440 +/-695 4979 +/-488 2792 +/-331 0.9 +I- 0.1 0.8 +I- 0.1 1.7 +/-0.3 
* Measurement was accidently made with collimators 1 
- - - -- --------------:---------,----,---------; 
Table 4.12 
A Comparison of Subject Lung Heights (em) 
Subject X-Ray Results MRIResults 
Left 1 Left2 Right1 Right2 Left 1 Left2 Right 1 Right2 
A 27.8 32.6 26.2 32.0 14-16 ---- 12-14 -----
B 27.6 32.3 25.7 31.6 18-20 ---- 16-18 19-21 
c 25.0 29.7 23.7 29.3 14-16 19-21 13-15 18-20 
0 26.1 30.6 24.6 -._29.2 18-20 23-25 18-20 22-24 
E 27.0 30.5 26.2 30.6 13-15 16-18 12-14 14-16 
F 27.4 31.3 26.4 33.2 21-23 .26-28 17-19 20-22 
G 19.5 22.7 18.4 23.0 13-15 17-19 10-12 16-18 
H 23.6 28.8 22.8 27.7 13-15 19-21 13-15 18-20 
Phantoms 
LLNL 16.5 20.0 15.5 21.0 
JAERI 22.0 26.5 22.0 26.5 
Table 4.13 
The Effect of Chest-Wall Composition on Distribution Mapping 
Geometcy Corrected Counts 
"A" overlays "C" overlays 
.. 
D1 02 D3 D1 02 D3 
Left 1 5736 +/-852 7014 +/-563 7998 +/-672 5538 +/-794 7143 +/-604 8089 +/-719 
Left 2 8255 +I· 845 7865 +/- 664 2106 +I- 362 8326 +/- 893 7556 +/-666 2084 +/-311 
Left 3 3379 +/- 697 5988 +/-552 10046 + 1- 713 3462 +/-722 6148 +/-574 10216 + 1- 745 
Right 1 10432 + 1- 911 9579 +I- 653 8740 +/-603 10318 +/- 900 9064 +/-575 8792 +/-627 
Right2 5917 +/-758 11105 +/-792 8491 +/- 622 5876 +/-703 11409 +I- 877 8362 +/-598 
Right3 12215 +/-1128 8762 +/-580 3700 +/-490 ＱＲＱＲｾ＠ + 1- 1110 ＷＹＶｾ＠ ＫＨｾＵＵＹ＠ 4058 +/-434 
114 
1-' 
1-' 
01 
Table4.14 
Effect of Horizontal Detector Displacement on Distribution Measurements (Collimator 1) 
.(Errors are quoted at t:Jte 95% ｃｯｮｦｩ､ｾｮ｣･＠ Level) 
ｾ＠
Subject Geometry 2cm.Left 1cm.Left None 1cm.Right 2cm.Rigbt 
D1 D2. D3 D1 D2 D3 D1 D2 D3 D1 D2 D3 D1 D2 D3 
A Left1 Count 15 0.7 1.0 15 0.8 0.9 1.3 1.0 0.8 1.3 1.0 0.8 1.3 1.1 0.8 
ｾ＠ Error 0.3 0.1 . 0.1 0.3 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.1 
; 
Left2 Count 0.8 1.1 1.6 0.9 0.9 15 1.3 0.8 1.2 1.6 0.6 1.6 1.8 0.6 1.8 
Error 0.1 0.2 0.3 0.2 0.1 0.3 0.2 0.1 0.2 0.3 0.1 0.3 0.4 0.1 0.4 
Left3 Count 2.4 1.2 0.3 2.2 1.3 0.2 2.1 1.2 0.3 2.1 15 0.2 1.8 1.8 o.2 
Error 0.4 0.2 0.1 0.4 0.2 0.1 0.4 0.2 0.1 0.4 0.2 0.1 0.3 0.2 0.1 : 
Right2 Count 1.2 0.6 1.7 1.1 0.7 15 1.3 0.8 1.1 1.0 0.9 1.1 1.0 1.0 1.0 ; 
Error 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
·, 
B Left1 Count 1.9 0.7 0.8 1.8 0.8 0.7 1.6 0.8 0.7 L6 1.0 0.6 1.6 1.0 0.6 
Error 0.3 0.1 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.3 0.2 0.1 
Left1 Count 2.2 0.4 0.9 2.1 05 0.7 1.9 0.5 0.8 1.9 0.7 0.7 1.8 0.7 0.7 
Error 0.4 0.1 0.2 0.4 0.1 0.1 0.3 0.1 0.2 0.3 0.2 0.1 0.3 0.2 0.1 . 
Left2 Count 0.6 1.4 1.4 0.7 1.2 1.3 1.0 1.0 1.0 1.3 0.8 1.4 1.4 0.8 1.5 
Error 0.1 0.2 0.3 0.1 0.2 0.3 0.2 0.1 0.2 0.2 0.1 0.3 0.3. 0.1 0.3' 
Left2 Count 0.4 1.7 1.7 0.4 1.3 1.6 0.6 1.1 1.2 0.7 1.0 1.7 0.8 0.9 1.9 
Error 0.1 0.3 0.4 0.1 0.2 0.3 0.2 0.2 0.2 0.2 0.1 0.3 0.2 0.1 0.4 
Left3 Count 1.6 0.8 0.9 1.5 0.9 0.9 1.5 0.8 0.9 1.4 1.0 0.8 1.2 1.2 0.8 
Error 0.4 0.1 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.3 0.2 0.1 0.3 0.2 . 0.1 
-- - -- - - - - .... - - ..... - - - - - - - --------------- ... ________ -----------
!' 
1-' 
1-' 
0\ 
Table 4.14 continued 
..... ｾＭ .- ...... ｾＭＭ ｾ＠ -- ------ ·- ·-- ｾＭＭＭＭＭＭＭＭＭＭ ｾ Ｍ ｜Ｎ＠ ........ --- .-:. .... - .. -.- __ _...., .... ｾＭＭＭ
I 
B ｾｴＲ＠ Count 0.8 1.2 ' 0.8 0.7 13 .0.8 . 0.8 1.4 0.6 0.7 1.7 05 
(cont) Error 0.2 0.1 0.2 0.1 0.1 0.1 0.2 0.2 0.1 . 0.1 0.2 0.1 
ｾｴＲ＠ Count 1.1 09 1.2' 1.0 1.0 .1.1 1.1 1.1 0.8 0.9 13 0.8 
Error 0.2 0.1 ' 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.1 0.2 0.1 
c Left1 Count 13 0.9 0.9 1.2 1.1 0.8 1.1 1.1 0.8 1.1 1.4 0.7 
Error 03 0.1 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 
Left2 Count 05 1.0 3.0 0.6 0.8 ·2.9 0.8 0.7 2.2 1.0 0.6 3.0 
Error 0.1 0.2 0.6 0.1 0.1 0.6 0.1 0.1 03 0.2 0.1 05 
Left3 Count 13 1.1 0.8 1.2 1.2 0.8. 1.1 1.1 0.8 . 1.1 1.4 0.7 
Error 03 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.2 . 0.1 
ｾｴＲ＠ Count 1.0 0.8 1.6 1.0 0.8 1.5 1.1 0.9 1.1 0.9 1.1 1.0 
Error 0.2 0.1 0.2 0.2 0.1 .0.2 0.2 0.1 0.1 0.1 0.1 0.1 
D Left1 Count 2.4 0.6 0.6 23 0.7 !05 21 0.7 05 ＲｾＱ＠ 0.9 0.4 
Error 0.4 0.1 0.1 0.4 0.1 0.1 03 0.1 0.1 0.3 0.1 0.1 
Left2 Count 0.4 '1.2 2.9 05 1.0 '2.8 0.6 0.8 2.1' 0.7 0.8 2.9 
BiT or 0.1 0.2 0.6 0.1 0.2 05 0.1 0.1 03 0.2 0.1 05 
Left 3 Count 25 0.8 05 23 0.9 05 23 0.9 0.5 2.2 1.0 0.4 
Error 05 0.1 0.1 0.4 0.1 ·o.1 0.4 0.1 ·o.1 0.4 0.2 0.1 
Right2 Count 13 ' 0.9 0.8 1.2 1.0 0.8 13 1.1 0.6 1.1 13 05 
Error 0.2 0.1 0.1 0.2 0.1 i0.1 0.2 0.1 0.1 0.2 . 0.1 0.1 
"'"--- --- - - .... --- -- - -- ---- --- -- - ＭｾＭ - - ----- --- -- -- --
__ ,_ .. _- ---·--
0.7 .... 1.8 05 
0.1 0.2 0.1 
0.9 1.4 0.7 
0.1 0.2 0.1 
1.0 1.4 0.7 
0.2 0.2 0.1 
1.1' 05 3.4 
0.3 0.1 0.7 
1.0 1.6 0.7 
0.2 0.2 0.1 
I 
0.9 1.2 0.9 
0.1 0.2 0.1· 
I 
2.0i 0.9 0.4 
03: 0.1 0.1 
0.9 0.6 3.2 
0.2 0.1 0.7 
2.o: 1.2 .· 0.4 
0.4' 0.2 0.1 
1.1 1.4 05 
0.2. 0.2 0.1 ,.. ___ __:. ___ 
1-' 
1-' 
ｾ＠
Table 4.14 continued 
r---- ｾＭＭＭＭ .... - -- ｾＭＭＭＭＭＭ - - - ---- -- - --- - --- - ,- - -- - - 0- -·---- - 0----
E Left1 Count 1.4 0.8 0.9 1.4 1.0 0.8 1.2 1.0 0.8 1.2 1.2 0.7 1.1 13 0.7 
Error 0.3 0.1 0.2 0.3 0.1 0.1 0.3 0.1 0.1 0.3 0.2 0.1 0.3 0.2 0.1 
Ｍｾ＠
Left2 Count 0.7 1.0 2.0 0.9 0.8 2.0 1.2 0.7 15 1.5 0.6 2.0 1.7 05 2.3 
0.1 
J· 0.2 0.1 0 0.2 0.3 0.5 Error Ｐｾ＠ 0.4 0.2 0.1 0.4 0.1 0.3 0.4 0.1 
.. 
Left3 Count 1.2 1.0 0.9 1.1 1.1 0.9 1.1 1.0 0.9 1.1 1.3 0.8 0.9 15 0.8 
Error 0.4 0.2 0.1 0.3 0.2 0.1 0.3 0.2 0.2 0.3 0.2 0.1 0.3 0.3 0.1 
, Right2 Count 1.1 0.8 1.4 1.1 0.9 1.2 1.2 0.9 0.9 1.0 1.1 0.9 1.0 1.2 0.8 
Error 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.2 0.1 -0.1 0.2 0.2 0.1 
F Left 1 Count 2.4 0.4 0.8 23 05 0.7 2.1 05 0.7 2.1 0.6 0.6 2.0 0.6 0.6 
Error 05 0.1 0.1 05 0.1 0.1 0.4 0.1 0.1 0.4 0.1 0.1 0.4 0.1 0.1 
I 
Left2 Count 0.4 1.1 2.9 0.5 0.9 2.8 0.7 0.8 2.2 0.9 0.6 3.0 1.0 0.6 3.3 
Error 0.1 . 0.2 0.7 : 0.1 0.2 0.6 0.2 0.1 0.4 0.3 0.1 0.6 0.3 0.1 0.7 
: 
Left3 Count 2.0 0.8 0.8 ' 1.8 0.8 0.7 1.8 0.8 0.8 1.7 0 1.() 0.7 1.5 1.1 0.7 
.Error 05 0.1 0.1 0.4 0.1 0.1 0.4 0.1 0.1 0.4 0.2 0.1 0.4 0.2 0.1 
Right2 Count 1.3 0.7 1.4 1.2 0.7 13 1.4 0.8 1.0 1.1 1.0 0.9 1.1 1.1 0.8 
Error 0.3 0.1 0.3 0.2 0.1 0.2 0.3 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.1 
G Left1 Count 1.0 09 1.1 1.0 1.0 1.0 0.9 1.1 1.0 0.9 1.3 0.9 0.9 1.4 0.9 
Error 0.2 0.1 0.1 : 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.2 0.1 
Left2 Count 0.9 1.1 13 1.0 0.9 1.3 1.4 0.7 1.0 1.8 0.6 1.3 2.0 0.6 15 
Error 0.1 0.2 0.3 ; 0.2 0.1 0.3 0.2 0.1 0.2 0.3 ＰＮｾ＠ 0.3 0.4 0.1 0.3 
Left3 Count 1.3 1.1 0.8 1.2 1.2 0.8 1.2 1.1 0.8 1.1 1.3 0.7 1.0 1.6 0.7 
Error 03 0.2 0.1 0.3 0.2 0.1 0.3 0.2 0.1 0.3 0.2 0.1 0.2 0.2 0.1 
Right2 Count 0.7 0.9 1.7 0.7 1.0 15 0.7 1.1 1.1 0.6 1.3 1.1 0.6 . 1.4 LO 
Error 0.1 0.1 0.3 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.1 
- - - - - - -- :.a ... - - - - - - - - - - ＮｾＮＭ - - ·- - - -::;,.. .. ｾ＠ - -- - - - - - - - - - - 0.- - - - ·- - - --
: · 
1-' 
1-' 
00 
Table 4.14 continued 
ｾＭ -- . - - -- - - ----- - - - - - - - - - - - - - - - - - - - - -·-
H Left1 Count 2.2 0.5 . 0.7 2.1 0.6 0.6 1.9 0.7 0.7 
Error 0.4 0.1 0.1 0.4 0.1 0.1 0.4 0.1 0.1 
Left1 Count 1.6 0.7 0.9 t 1.6 0.9 0.8 1.4 0.9 0.8 
Error 0.4 0.1 i 0.1 0.3 0.1 0.1 0.3 0.1 ＰｾＱ＠
Left2 · Count 0.4 1.4 2.1 0.5 1.1 2.0 0.7 1.0 1.6 
Error 0.1 0.2 . 0.5 0.1 0.2 0.4 0.1 0.1 0.3 
Left3 Count 1.6 0.8 0.9 1.5 0.9 0.8 15 0.9 0.9 
Error 0.4 0.1 0.1 0.4 0.1 0.1 0.4 0.1 0.1 
! 
Left3 Count 1.5 1;0 0.8 1.3 1.2 0.7 1.3 1.1 0.8 
Error 0.5 0.2 0.2 0.4 0.2 0.2 0.4 0.2 0.2 
Right2 Count 1.2 0.9 1.0 1.2 0.9 0.9 1.3 1.0 0.7. 
- Error 0.2 . 0.1 0.2 0.2 0.1 0.1 . 0.2 0.1 0.1 
------·- ---------
1.9 0.8 0.6 1.8 0.8 0.6 
0.4 0.2 0.1 0.4 0.2 0.1 
1.4 . 1.1 0.7 1.3 1.1 0.7 
0.3 0.2 0.1 0.3 0.2 0.1 
! 
0.9 0.8 2.1 1.0 0.7 24 
0.2 0.1 0.4 0.2 0.1 05 
15 1.1 0.8 1.3 1.3 0.7 
0.4 0.2 0.1 0.3 0.2 0.1 
1.3 1.3 0.7 1.1 1.6 0.7 
0.4 0.2 0.1 0.4 0.3 0.1 
1.1 1.2 0.6 1.1 1.4 0.6 
0.2 0.2 0.1 0.2 0.2 0.1 
..... 
..... 
ｾ＠
Subject Geometry 
A Left1 
Left2 
Left3 
Right2 
B Left1 
Left1 
: 
Left2 
Left2 
Left3 
----------
Table4.tS 
Effect of Vertical Detector Disolacement on Distribution Measurements (Collimator 1) 
(Errors are quoted at the 95% Confidence Level) 
. 
2cmUp i 1cmUp None 1cmDown 2cmDown 
D1 D2 D3 D1 D2 D3 D1 D2 D3 D1 D2 D3 D1 D2. D3 
Count 13 0.8 0.9 2.1 0.7 0.8 1.7 0.8 0.8 
Error 0.2 0.1 0.1 05 0.1 0.1 03 0.1 · 0.1 · 
Count 1.4 0.8 1.0 13 0.8 1.2 1.1 0.8 1.4 1.0 0.8 · 1.6 
Error 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.3 
, 
, . 
Count 1.6 1.3 0.3 2.6 1.1 03 2.1. 1.2 0.3 2.3 1.4 0.2 2.7 1.4 . 0.2 
Error 0.3 0.2 0.1 0.6 0.1 0.1 13 0.8 1.1 0.4 0.2 0.1 05 0.2 · 0.1 
Count 1.1 0.7 1.4. 1.3 ·o.8 1.1 1.4 0.8 1.0 1.7 0.7 0.9 
Error 0.1 0.1 0.2 .. 0.2 0.1 0.1 0.2 0.1 0.1 03 0.1 . 0.1 · 
Count 1.6 0.8 0.7 2.7 0.7 0.6 2.2 0.8 . 0.6 
Error 03 0.1 0.1 0.6 ｾ＠ 0.1 0.1 0.4 0.1 0.1 
Count 3.0 05 0.7 1.9 05 0.8 25 05 0.7 
Error 0.7 ＰｾＱ＠ 0.1 0.3 0.1 0.2 0.5 0.1 0.1 
Count 1.1 1.0 0.8 1.0 1.0 1.0 0.9 1.0 1.2 0.8 1.1 1.4 
Error 0.2 0.1 0.1 ' 0.2 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.3 
Count 0.7 1.2 1.0 0.6 1.1 1.2 0.5 1.2 1.5 0.5 1.3' 1.8 
Error 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.3 0.1 0.2 0.4 
Count 1.1 0.9 1.1 1.8 0.7 0.9 15 0.8 0.9 1.6 0.9 0.8 1.8 1.0 0.8 
Error 0.2 0.1 0.2 . 05 0.1 0.2 0.3 0.1 0.1 0.4 0.2 0.1 . 0.4 0.2 0.1 
------------
------------ ·-- --- -------- ·---- - ··- ---
k. , .. , 
Ｎ Ｚ ｾ Ｚﾷ＠
; . 
Ｇｾ＠
..... 
ｾ＠
0 
,--- ·-
B 
· (cont) 
c 
'. 
i 
:p 
- ......... 
--- """--. ｾＭＭＭＭＭＭＭ
Right2 Count 
Error 
Right2 Count I 
Error ｾ＠
Left1 Count 
·. 
Error 
Left2 Count 
Error 
Left3 Count 0.9 1.2 0.9 
Error 0.2 0.1 0.1 
Right2 Count 
Error 
Left1 Count 
Error 
Left2 Count 
Error 
Left3 Count 2.8 0.8 0.5 
Error 0.6 0.1 0.1 
Right2 Count 
Error 
-- - - ... - --- -- - - - - --- -
Table 4.15 continued 
ＭＭｾｾＭＭＭｾ＠ ...... 
- - - ----- Ｍｾ＠ - - - -- - - - - - - ----
0.7 1.4 0.7 0.8 1.4 0.6 0.9 1.4 0.5 1.1 1.4 05 
0.1 ｾ Ｎ ＰＮＱ＠ 0.1 0.2 0.2 0.1 ' 0.2 0.2 0.1 0.2 0.2 0.1 
0.9 ! 1.0 1.0 1.1 1.1 0.8 1.2 1.1 0.7 1.5 1.0 0.7 
0.1 0.1 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.3 0.1 0.1 
1.1 1.1 0.8 ·1.8 1.0 0.7 1.4 1.1 0.7 
0.2 0.2 0.1 0.4 0.1 0.1 0.3 0.2 0.1 
0.9 0.7 1.9 0.8 0.7 2.2 0.7 0.7 2.7 0.6 0.8 3.2 
0.2 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.4 0.1 0.1 0.6 
1.4 1.0 0.8 1.1 1.1 0.8 1.2 1.3 0.7 1.4 1.3 0.7 
0.3 0.1 0.1 0.2 0.1 0.1 0.3 0.2 0.1 0.3 0.2 0.1 
0.9 0.9 1.4 1.1 0.9 1.1 1.2 0.9 1.Q 1.5 0.9 0.9 
0.2 ｾ＠ 0.1 0.2 0.2 0.1 0.1 0.2 0.1 o.i 0.3 0.1 0.1 
: 
2.1 0.7 05 3.3 0.6 0-4 27 0.7 0.4 
0.3 0.1· 0.1 0.7 0.1 0.1 0.5 0.1 0.1 
0.7 0.8 1.8 0.6 0.8 2.1 0.6 0.8 2.6 0.5 0.9 3.0 
0.1 0.1 . 0.3 0.1 0.1 0.3 0.1 0.1 0.4 0.1 0.1 0.6 
1.7 0.9 0.6 2.3 0.9 05 i 25 1.0 0.5 2.8 1.0 0.4 
0.9 0.1 0.1 0.4 0.1 0.1 05 0.1 o.i 0.6 0.1 0.1 
1.1 1.0 0.7 1.3 1.1 0.6 1.5 1.1 0.5 1.8 1.1 0.5 
0.2 '0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1, 0.3 0.1 0.1 
-- .... .,....---- .....-· - ... - ........ -- ..... ,.. --- ·- ... _. - - - ........... - -
--------·--
ｾ＠ --\ 
ｾＢｾ＠ ... 
1-' 
to..) 
1-' 
Table 4.15 continued 
--- ----------------
ｾＭ ------ ·- - -- - ---- ------- ---- -----I 
E Left1 Count 1.2 1.0 0.8 2.0 0.9 0.7 1.6 1.0 0.7 
Error 0.3 0.1 0.1 05 0.1 0.1 0.4 0.1 0.1 
Left2 Count f 1.3 0.7 1.3 1.2 0.7 15 1.1 0.7 1.8 0.9 0.8 2.1 
Error ｾ＠ 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.3 0.1 0.1 0.4 
Left3 Count 0.8 L1 1.1 i.3 0.9 0.9 1.1 1.1 0.9 1.2 1.2 0.8 1.3 1.2 0.8 
Error 0.2 0.2 0.2 0.4 0.2 0.2 0.3 0.2 0.2 0.4 0.2 0.1 0.4 0.2 0.1 
Right2 Count 1.0 0.9 1.2 1.2 0.9 0.9 1.3 LO 0.8 1.6 0.9 0.7 
Error 0.2 0.1 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.3 0.1 0.1 
F Left.1 Count 2.1 05 0.7 3.4 . 0.4 0.6 2.7 05 0.6 
Error 0.4 0.1 0.1 0.8 0.1 0.1 0.6 0.1 0.1 
;• 
Left2 Count 0.8 0.8 1.8 0.7 0.8 2.2 0.6 0.8 2.6 0.5 0.9 3.1 
Error 0.2 0.1 03 0.2 0.1 0.4 0.2 0.1 05 0.1 0.1 0.6 
; 
Left3 Count 13 0.8 0.9 1.2 0.7 0.8 1.8 0.8 0.8 ＱＮｾ＠ 0.9 0.7 2.2 0.9 0.7 
Error 0.3 0.1 0.1 0.6 0.1 0.1 0.4 0.1 0.1 0.5 0.2 0.1 05 0.1 0.1 
I 
I • 
Right2 Count L2 0.8 1.2 L4 0.8 LO 1.5 0.8 0.8 1.8 0.8 0.8 
Error 0.2 0.1 0.2 03 0.1 0.2 03 0.1 0.1 0.4 0.1 0.1 
.. 
G Left! Count 09 L1 1.0 15 0.9 · 0.9 1.2 1.0 0.9 
Error 0.2 0.1 . 0.1 0.3 : 0.1 0.1 0.2 0.1 0.1 
Left2 Count 1.6 0.8 0.8 1.4 0.7 1.0 1.3 0.8 1.2 1.1 0.8 L4 
Error · 0.3 0.1 0.1. .. 0.2 0.1 0.2 0-f 0.1 0.2 0.2 0.1 0.3 
. 
Left3 Count 0.9 Ll 1.0 1.4 1.0 1.0 1.2 1.1 ·o.8 1.2 1.2 0.7 1.4 1.3. 0.7 
Error 0.2 0.2 0.1 0.4 0.1 0.1 0.3 0.2 0.1 0.3 0.2 0.1 0.4 0.2 0.1 
Right2 . Count 0.6 1.0 15 0.7 1.1 1.1 0.8 1.1 1.0 1.0 1.1 0.9 
Error 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.1 0.1 0.2 0.1 0.1 
......... __ ------------ ·-- -- --- -·- ------ ·----- ----------- ---- ------ -- - - - - -- -··-
f-1 
ｾ＠
ｾ＠
---
H 
.. 
' -· 
---
Left1 
Left1 
Left2 
Left3 
Left3 
Right2 
...... ＭｾＮＮＭｾＭＭＭＭＭ
Count: 
Error 
Count I 
Error i 
Count 
Error 
Count 1.1 0.9 1.0 
Error 0.3 0.1 0.2 
Count 1.0 1.1 0.9 
Error ＰｾＳ＠ 0.2 0.2 
Coun( 
Error i 
Table 4.15 continued 
ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭｾｾｾＭ
1.9 o:1 0.7 3.1 0.6 0.6 2.5 0.6 0.6 
0.4 0.1 0.1 0.7 0.1 0.1 0.5 0.1 0.1 
1.4 0.9 0.8 23 . 0.8 0.7 1.8 0.9 0.7 
03 o:1 0.1 0.6 0.1 0.1 0.4 0.1 0.1 
0.8 1.0 1.3 0.7 1:o 1.6 0.6 1.0 1.9 0.6 1.1 2.2 
0.1 0.1 0.2 0.1 0.1 03 0.1 0.1 03 0.1 0.2 0.4 
1.8 0.8 0.9 1.5 0.9 0.9 1.6 1.0 0.8 1.8 1.0 0.7 
05 0.1 0.2 0.4 0.1 0.1 0.4 0.2 0.1 05 0.2 0.1 
1.6 0.9 0.8 13 1.1 0.8 1.4 1.2 0.7 1.6 1.2 0.7 
05 0.2 0.2 0.4 0.2 0.2 05 0.2 0.1 05 0.2 0.1 
I 
1.1 1.0 0.8 1.3 r.o ' 0.7 . 1.5 1.1 0.6 1.8 1.0 0.5 
0.2 0.1 0.1 0.2 0.1 0.1 03 0.1 0.1 03 0.1 0.1 
ｾ＠
f--) 
w 
Subject 
A 
B 
' 
. 
--- .,_ - -
Geometry 
Left1 
. Left 2 
Left3 
Right 1 
Right2 
Right 3 
Left 1 
Left2 
Left3 
Right 1 
----
Table4.16 
Effect of Horizontal Detector Displacement on Distribution Measurements (Collimator 3) 
(Errors are quoted at the 95% Confidence Level) 
I 
2cmLeft 1cm.Left None 1cm.Right 
D1 D2 D3 D1 D2 D3 D1 D2 D3 D1 D2 D3 
Count 3.2 0.6 0.4 3.2 0.7 0.4 3.0 0.8 0.4 2.8 0.8 0.4 
Error 0.6 0.2 0.1 0.7 0.2 0.1 0.7 0.2 0.1 0.6 0.2 0.1 
Count 0.7 13 1.7 0.7 1.1 1.8 0.9 0.9 1.6 0.9 0.9 1.7 
Error 0.1 03 0.6 0.1 0.2 0.6 0.2 0.2 0.5 0.2 0.2 0.6 
Count 2.0 0.9 0.8 2.1 1.0 0.8 2.0 1.1 0.7 1.9 1.2 0.7 
Error 1.1 0.2 0.2 1.1 0.3 0.2 1.1 03 0.2 1.1 0.3 0.2 
Count 0.7 1.9 0.9 0.6 1.6 1.0 0.7 1.1 1.3 0.7 1.0 1.3 
Error 0.1 03 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.2 
Count 13 0.7 1.4 1.1 .0.8 1.2 1.0 0.9 1.1 1.0 1.1 0.9 
Error 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.2 0.1 . 
Count 0.8 1.6 1.0 0.8 13 1.1 0.8 1.2 1.1 0.8 1.0 13 
Error 0.1 03 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.1 03 
Count 1.8 0.6 1.0 1.9 0.7 0.9 1.8 0.8 0.8 1.6 0.9 0.8 
Error 0.4 0.1 0.1 0.4 0.1 0.1 0.4 0.1 0.1 03 0.1 0.1 
Count 0.6 1.1 2.4 0.7 0.9 2.4 0.9 0.8 2.2 0.9 0.7 2.3 
Error 0.1 0.2 0.4 0.1 0.1 0.4 0.2 0.1 0.4 . 0.2 0.1 0.4 
Count 1.8 1.2 0.7 1.9 13 0.7 ·1.8 1.4 0.6 1.8 1.5 0.6 
Error 03 0.1 0.1 0.4 0.1 0.1 0.4 0.2 0.1 0.4 0.2 0.1 
Count 0.2 1.7 1.4 0.2 15 15 0.2 1.0 2.1 0.2 0.9 2.1 
Error 0.1 03 0.2 0.1 0.2 0.2 0.1 0.1 0.3 0.1 0.1 03 
ＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ --------
2cmRight 
D1 D2 D3 
2.4 0.9 0.4 
05 0.2 0.1 
1.2 0.8 1.7 
0.2 0.2 0.6 
15 1.4 0.7 
0.8 0.4 0.2 
0.7 1.0 1.4 
0.1 0.2 0.2 
1.0 13 0.8 
0.2 0.2 0.1 
0.9 0.9 1.4 
0.1 0.1 03 
. 
1.4 1.0 0.8 
03 0.1 0.1 
1.1 0.6 2.4 
0.2 0.1 0.4 
13 1.8 0.6 
0.2 0.2 0.1 
0.2 0.9 2.1 
0.1 0.1 03 
---------
......, 
t\J 
ｾ＠
Table 4.16 continued 
--- - · - -- - - - - - - - - - -- - I'""- -- - - - - ﾷ ｾ＠ - - - - - -- P-- - - -- - - ,-.--------
B Right 2 Count 1.5 0.7 1.0 1.4 0.9 0.8 1.2 1.0 0.8 1.2 1.2 0.6 1.2 1.3 0.6 
(cont) Error 0.3 0.1 0.2· 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 
Right3 Count 0.7 1.6 1.1 0.7 1.3 1.2 0.7 1.2 13 0.8 1.0 L4 0.8 0.8 1.5 
Error 0.1 0.2 0.1 0.1 . 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 -
c Left 1 Count 2.3 1.0 0.5 2.3 1.1 0.4 2.2 1.3 0.4 2.0 1.3 0.4 1.7 1.5 0.4 
Error 0.5 0.2 0.1 0.5 0.2 0.1 0.5 0.2 0.1 0.4 0.2 0.1 03 0.3 0.1 
Left2 Count 0.7 1.0 . 23 0.8 0.9 23 1.0 0.7 2.1 1.0 0.7 2.2 1.3 0.6 2.3 
Error 0.1 0.1 0.4 0.1 0.1 0.4 0.1 0.1 0.4 0.1 0.1 0.4 0.2 0.1 0.4 
Left3 Count 2.3 1.0 0.7 2.4 1.1 0.7 2.4 1.2 0.6 2.3 13 0.6 .1.7 1.5 0.6. 
Error 0.4 0.1 0.1 0.5 0.1 0.1 0.6 0.1 0.1 0.5 ＰｾＱ＠ 0.1 03 0.2 0.1 
Right 1 Count 0.8 1.5 0.9 0.8 0.4 1.0 0.9 0.9 1.3 0.9 0.9 1.3 0.9 0.9 ·1.4 
Error 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.2 
Right2 Count 1.8 0.7 0.7 1.6 0.9 0.6 1.5 1.0 0.5 1.4 1.2 0.5 L4 1.3 0.4 
Error 0.4 0.1 0.1 0.4 0.1 0.1 0.3 0.2 0.1 03 0.2 0.1 0.3 0.2 0.1 
Right3 Count 0.6 2.3 0.8 0.7 20 0.9 0.7 1.7 0.9 0.7 1.4 1.0 0.8 1.2 1.1 
Error 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.2 0.2 
n · Left1 Count 3.1 0.5 0.5 3.2 0.6 0.5 3.0 . 0.7 0.4 2.8 . 0.7 0.5 2.4 0.8 0.4 
Error 0.6 0.1 0.1 0.6 0.1 0.1 0.6 0.1 0.1 0.5 0.1 0.1 0.4 0.1 0.1 
., 
, Left2 Count 0.4 1.3 27 0.4 1.2 2.7 0.5 1.0 25 0.6 0.9 2.6 0.7. 0.8 2.7 
Error 0.1 0.2 0.4 0.1 0.2 0.4 0.1 0.1 0.4 0.1 0.1 0.4 0.2 0.1 0.4 
: Left3 Count 3.8 0.7 0.6 4.0 0.7 0.5 3.9 0.8 0.5 3.7 0.9 0.5 2.8 1.0 0.5 
Error 0.7 0.1 0.1 0.8 0.1 0.1 0.9 0.1 0.1 0.8 0.1 0.1 0.5 0.2 0.1 
.. 
i Right 1 Count 0.5 1.2 1.3 0.5 1.0 .· 1.5 0.5 . 0.7 2.0 . 0.5 0.7 2.0 0.5 0.7 2.1 
I Error 0.1 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.3· 
Rigbt2 Count 1.6 . 0.7 1.1 1.4 0.8 0.9 1.3 0.9 0.8 1.2 1.1 0.7 1.2 1.2 0.6 
Error 0.2 0.1 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.1 
'- - - - - --- - - .. - - .. ｾ＠ - - - - - - - .-.. ._. ｾ＠ .-. - - - - ..... ...... - - - - -- - • - ｾ＠ .,_,. - ..-. ...... - L.. ·- - - ...... - - - ... 
ﾷＭ Ｍ ｾ Ｍ ﾷＭ -
I 
. I 
f-1 
ｾ＠
U1 
Table 4.16 continued 
:----- ＭＭＭＭＭＱＢＧＢＭＭＭｾＭＭＭＭＭﾷＭＭＭＭ ----------1"'"---------
D Right3 Count 0.8 1.2 1.2 0.8 1.0 13 0.8 0.9 1.4 
(cont) Error 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.2 
E Left 1 Count 23 0.7 0:1 2.4 0.9 0.6 2.2 1.0 0.6 
Error 0.4 0.1 0.1 0.5 0.1 0.1 0.4 0.1 0.1 
Left2 Count 0.7 ·1.0 2.3 0.8 0.9 2.4 0.9 0.7 2.2 
Error 0.1 0.2 0.4 0.1 0.1 0.4 0.2 0.1 0.4 
Left3 Count 3.4 0.9 05 3.6 1.0 0.5 3.5 1.1 05 
Error ·o.7 0.1 0.1 0.8 0.1 0.1 0.9 0.2 0.1 
Right 1 Count . 0.6 13 1.2 0.6 1.1 1.3 0.6 . 0.8 1.8 
Error 0.1 Ｐｾ＠ 0.1 0.1 0.2 0.1 0.1 0.1 0.2 
Right2 Count 1.9 0.6 1.0 1.7 0.7 0.8 1.6 0.7 ·0.8 
Error 0.3 . 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 
Right3 Count 0.6 1.6 1.3 0.6 13 1.4 0.6 1.2 1.5 
Error 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.2 
F Left1 Count 2.1 0.8 0.7 2.1 ·1.0 0.6 2.0 L1 05 
Error 0.4 0.1 0.1 0.4 0.2 0.1. 0.4 0.2 0.1 
Left2 Count 0.6 1.0 2.5 0.7 0.9 2.6 0.9 0.7 2.4 
Error 0.1 0.1 0.3 0.1 0.1 0.4 0.1 O.l 0.3 
Left3 Count 3.1 0.9 0.6 3.3 1.0 0.5 3.2 1.1 05 
Error 0.6 0.1 0.1 0.7 0.2 0.1 0.8 0.2 0.1 
Right 1 Count 0.9 1.8 0.7 0.8 1.6 0.8 0.9 1.0 1.1 
Error 0.1 0.2 0.1 0.1 0.2 0.1 . 0.1 0.1 0.1 
-Right2 Count 15 0.6 1.4 1.4 0.7 1.2 1.2 0.8 1.1 
Error 0.3 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.1 
Right3 Count 0.6 2.1 1.0 0.6 1.8 1.0 0.6 1.6 1.1 
Error 0.1 0.3 0.1 0.1 0.2 0.1 0.1 0.2 0.1 
-- ..... - ------------ - ----- - ｾ＠ - - - - ｾ Ｍ -- -
Ｍｾ＠ - - ........ ｾ＠ -- - -- ----------
0.9 0.7 1.6 0.9 0.6 1.7 
0.2 0.1 0.2 0.2 0.1 0.2 
2.0 LO 0.6 1.8 1.1 0.6 
0.3 O.l 0.1 0.3 0.1 0.1 
1.0 0.7 2.3 1.2 0.6 . 23 
0.2 0.1 0.4 0.2 0.1 0.4 
3.4 1.2 0.4 2.6 1.4 0.4 
0.7 0.2 0.1 0.5 0.2 0.1 
0.6 0.7 1.8 0.6 0.7 1.8. 
0.1 0.1 0.2 0.1 0.1 0.2 
1.5 0.9 0.6 1.5 1.0 0.6 
0.2 0.1 0.1 0.2 0.1 0.1 
0.6 1.0 1.7 0.7 0.9 1.8 . 
0.1 0.1 0.2 0.1 0.1 0.2 
1.8 1.1 . 0.6 1.6 1.3 0.5 
0.3 0.2 0.1 0.3 0.2 0.1 
0.9 0.7 2.5 1.1 0.6 25 
0.1 0.1 0.3 0.2 0.1 0.4 
3.1 1.2 0.5 2.3 1.4 0.5 
0.7 0.2 0.1 0.5 0.2 0.1 
0.9 1.0 1.1 0.9 1.0 1.1 
0.1 0.1 0.1 0.1 0.1 0.1 . 
1.2 0.9 0.9 1.2 1.0 0.8 
0.2 0.1 0.1 0.2 0.1 0.1 
0.6 1.3 1.2 0.7 1.2 1.3 
0.1 0.2 0.2 0.1 0.1 0.2 
---._ ..... -------- --· 
..... -------------------------------------------------------------- -----··-···· .. 
.:: ..... 
'·· 
;i: 
..... 
ｾ＠
' 0'\ 
----
G 
H 
' 
ｾ＠ ｾＭＭＭ
Left1 
Left2 
Left3 
Right 1 
Right2 
Right3 
Left1 
Left2 
Left3 
Right 1 
Right2' 
Right2 
Right3 
Table 4.16 continued 
... ｾ＠ .._,.. .... - - - ..-. - ......, ,... -- - ...... - - - ._ - ｾ＠ ._. ｾＭＭ ._ .... •r--- ....... _. .... - -- -- r-- --- - .... - _..--
Count 1.4 0.9 0.9 1.4 1.1 0.8 1.3 1.2 0.7 1.2 1.2 0.8 1.1 1.4 0.7 
Error 0.5 0.2 0.1 0.5 0.2 0.1 0.5 0.2 0.1 0.4 0.2 0.1 0.4 0.2 0.1 I 
Count 0.7 1.1 2.0 0.8 0.9 2.1 1.0 0.8 1.9 1.0 0.7 2.0 1.3 0.6 2.0 
Error 0.2 ＰＮＲｾ＠ 0.4 0.2 0.2 0.4 0.2 0.2 0.4 0.2 0.1 0.4 0.3 0.1 0.4 
. Count 2.2 1.2 0.6 2.3 1.3 0.6 2.2 1.4 0.5 2.2 1.5 0.5 1.6 1.8 . 0.5 
Error 0.4 0.2 0.1 0.5 0.2 0.1 0.5 · 0.2 0.1 0.5 0.2 0.1 0.3 0.3 0.1 
Count 1.0 1.9 0.6 0.9 1.6 0.7 ' 1.0 1.1 0.9 1.0 1.0 1.0 1.0 1.0 1.0 
Error 0.2 0.4 0.1 0.2 0.3 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.2 0.2 .0.2 
' Count 0.9 0.7 1.9 0.8 0.8 1.5 0.7 0.9 1.4 0.7 1.1 1.2 0.7 1.2 1.1 
Error 0.2 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.2 
Count 0.8 2.2 0.6 0.8 1.9 0.6 ' 0.8 1.7 0.7 0.9 1.4 0.7 . 0.9 1.2 0.8 
Error 0.2 . 0.4 0.1 0.2 0.3 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Count 2.5 0.6 0.8 2.6 0.6 0.7 2.4 0.7 0.6 2.2 0.7 0.7 1.9 0.9 0.6 . 
Error 0.4 0.1 0.1 0.5 0.1 0.1 0.5 0.1 0.1 0.4 0.1 0.1 0.3 0.1 0.1 
ｾｵｮｴ＠ 0.5 1.5 2.0 0.5 1.3 2.1 0.6 1.1 1.9 0.6 1.0 2.0 0.8 0.9 2.0 
Error 0.1 0.2 0.3 0.1 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.3 
Count 2.7 0.9 0.7 2.8 1.0 0.6 2.7 1.1 0.6 2.6 1.2 0.6 2.0 1.4 0.6 
Error 0.5 0.1 0.1 0.5 0.1 0.1 0.6 0.1 0.1 0.5 0.2 0.1 0.3 0.2 0.1 
Count 0.6 ' 1.3 1.2 0.6 1.2 ; 1.3 0.6 0.8 1.8 0.6 0.7 1.8 0.6 0.7 1.9 
Error 0.1 0.2 . 0.1 0.1 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1 ＰＮｾ＠ 0.2 
·Count 1.2 0.9 0.9 L1 1.1 0.8. 1.0 1.2 0.7 0.9 1.5 0.6 0.9 1.7 0.5 
Error 0.2 0.1 0.2 0.2 0.1 0.1 .0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.2 0.1 
Count 1.3 0.9 0.9 L1 1.1 0.7 1.0 1.2 0.7 1.0 1.5 0.6 1.0 1.6 0.5 
Error 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.1 
Count 0.8 1.5 1.0 0.8 1.2 1.1 0.9 . 1.1 1.1 0.9 0.9 1.3 1.0 0.8 1.4 
Error O.i 0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.2 
}-1 
tv 
--..] 
Subject 
A 
B 
Geometry 
Left 1 
Left2 
Left3 
Right 1 
Right2 
Right3 
Left 1 
Left2 
Left3 
Right 1 
Dl 
Count 
--
Error 
Count --
Error 
Count 13 
Error 0.7 
Count ·--
Error 
Count --
Error 
Count 1.0 
Error 0.2 
Count 
--
Error. 
Count --
Error 
Count 1.1 
Error 0.2 
Count --
Error 
Table4.17 
Effect of Vertical Detector Displacement on Distribution Measurements (Collimator 3) 
(Errors are quoted at the 95% Confidence Level) 
2cmUR lcm.Up None 1cmDown 
D2 D3 D1 D2 D3 Dl D2 D3 D1 D2 
-- -- -- -- --
3.0 0.8 0.4 4.1 0.8 
0.7 0.2 0.1 1.0 0.2 
-- -- 1.1 0.9 1.3 0.9 0.9 1.6 0.8 1.0 
0.2 0.1 0.4 0.2 0.2 0.5 0.2 0.2 
1.1 0.8 1.7 1.1 0.8 2.0 1.1 0.7 2.2 1.1 
0.3 0.2 0.9 0.3 0.2 1.1 0.3 0.2 1.2 0.3 
--
-- -- -- - 0.7 1.1 13 0.6 1.1 
0.1 0.2 0.2 0.1 0.2 
- --
0.9 0.9 1.2 1.0 0.9 1.1 1.2 0.9 
0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 
0.9 1.2 1.0 0.9 1.2 0.8 1.2 1.1 0.7 1.1 
0.1 0.2 0.2 0.1 0.2 0.1 0.2 0.2 0.1 0.2 
- -- -- -- -
1.8 0.8 0.8 2.4 0.8 
0.4 0.1 0.1 0.6 0.1 
-- - 1.0 0.7 1.8 0.9 0.8 2.2 0.7 0.9 
0.2 0.1 03 0.2 0.1 0.4 0.1 0.1 
1.4 0.7 1.5 13 0.7 . 1.8 1.4 0.6 2.0 1.4 
0.2 0.1 0.4 0.2 0.1 0.4 0.2 0.1 0.4 0.2 
-- -- -- -- --
0.2 1.0 2.1 0.2 1.0 
0.1 0.1 0.3 0.1 0.1 
2cmDown 
D3 Dl D2 D3 
0.3 4.9 0.8 03 
0.1 13 0.2 0.1 
1.7 0.7 1.1 2.4 
0.6 0.1 0.2 0.8 
0.7 2.4 1.2 0.7 
0.2 1.3 03 0.2 
1.4 0.5 15 13 
0.2 0.1 0.2 0.2 
0.9 15 0.9 0.8 
0.1 0.3 0.1 0.1 
1.4 0.7 1.2 1.7 
0.3 0.1 0.2 0.3 
0.7 2.8 0.9 0.7 
0.1 0.8 0.1 0.1 
23 0.7 0.9 33 
0.4 0.1 0.1 0.6 
0.6 2.2 15 0.6 
0.1 0.4 0.2 0.1 
2.1 0.2 1.3 ·z.o 
0.3 . 0.1 0.2 0.3 
>' 
f-' 
""' CD 
Table 4.17 continued 
r- .... .... - ｾ＠ ....,_. .. ,..... ....,. - - ..... ... -- - -- - - .. .,.. - - - ..... ·- - - - 1- - - - - - - .... - - ..., - ... - .. - - -- - - -r' - - - - - ..... - - -
B I Right 2 J Count . --
( cont) _ Error 
· C 
I> 
Right3 
Left 1 
Left2 
Left3 
Right 1 
Countl 0.9 
Error 0.1 
Count· --
Error 
Count· --
Error 
Countl15 
Error 03 
Count I --
Error 
Right 2 . 1 Count · --
Error 
Right 3 f . Count I 0.8 
Error 0.1 
Left1 
Left2 
Left3 
Right1 
Count·-
Error 
Count· --
Error 
Count ,2.4 
Error 0.5 
Count I --
Error 
0.9 
O.t.l 
1.1 
0.1 
1.3 
0.2 
0.8 
0.1 
Ｑｾ＠
0.2 
0.7 
0.1 
0.9 
0.2 
1.2 
0.2 
0.9 
0.1 
1.1 
0.1 
2.0 
0.4 
1.3 
0.3 
0.8 
0.1 
0.6 
0.1 
0.6 , . 3.3 
0.1 0.7 
0.9 
0.2 
0.9 
0.1 
0.7 
0.1 
L1 
0.1 
0.9 
0.1 
13 
0.2 
0.9 
0.1 
0.8 
0.1 
ＰｾＹ＠
0.2 
1.2 
0.2 
1.3 I 0.1 
0.2 0.1 
1.8 
03 
0.7 
0.1 
2.2 
0.5 
1 . 0 
0.1 
2.4 
0.6 
0.9 
0.1 
o.6 I 1.5 
0.1 ' 0.3 
o.9 I 0.1 
0.2 0.1 
2.1 
0.3 
3.0 
0.6 
05 
0.1 
o.s I 3.9 
0.1 - 0.9 
05 
0.1 
1.0 
0.2 
1.2 
0.1 
1.3 
0.2 
0.7 
0.1 
0.8 
0.1 
1.3 
0.2 
0.4 
0.1 
2.1 
0.4 
1.2 0.6 
0.1 0.1 
0.9 . 1.3 
0.1 0.2 
1.0 
0.2 
L7 
0.2 
0.7 
0.1 
LO 
0.1 
0.8 
0.1 
0.7 
0.1 
0.5 
0.1 
0.9 
0.2 
0.4 
0.1 
25 
0.4 
0.5 
0.1 
2.0 
0.3 
15 
0.3 
0.7 
0.1 
2.9 
0.7 
0.8 
0.1 
26 
0.6 
0.8 
0.1 
1.8 
0.4 
0.6 
0.1 
4.1 
0.9 
0.5 
0.1 
4.2 
0.9 
05 
0.1 
0.9 
0.2 
1.1 
0.1 
1.2 
0.2 
0.8 
0.1 
1.1 
0.1 
0.9 
0.1 
0.9 
0.1 
1.6 
0.2 
0.7 
0.1 
1.1 
0.1 
0.8 
0.1 
0.7 
0.1 
0.7 
0.1 
1.6 
0.2 
0.4 
0.1 
2.3 
0.4 
0.6 
0.1 
1.4 
0.2 
0.5 
0.1 
L1 
0.2 
0.4 
0.1 
2.6 
0.4 
0.5 
0.1 
2.1 
0.3 
1.9 
03 
0.7 
0.1 
35 
0.9 
0.7 
0.1 
2.8 
0.6 
0.7 
0.1 
0.9 0.6 
0.2 . 0.1 
1.1 
0.1 
1.3 
0.2 
0.9 
0.1 
1.8 
0.2 
0.3 
0.1 
3.2 
0.6 
1.3 . 0.6 
0.1 . 0.1 
1.2 1.3 
0.2 0.2 
2.2 0.9 0.4 
0.5 0.1 0.1 
0.6 . 1.7 13 
0.1 0.2 0.2 
4.9 
1.2 
0.4 
0.1 
4.6 
0.9 
0.4 
0.1 
0.7 0.4 
0.1 0.1 
L2 3.8 
0.2 0.6· 
0.9 0.5 
0.1 0.1 
0.9 . 2.0 
0.1 0.2 
Right 2 l Count ｾＭＭ - -- 11.2 0.9 1.0 1 1.3 . 0.9 0.8 L 1.6 0.8 0. 71 20 0.8 . 0.6 
Errot 0.2 0.1 0.1 0.2 0.1 0.1 . 0.2 0.1 0.1 0.3 0.1 0.1 
I...- - - - .L- - -- -- -- - - - -- - - - - -- ... - - ..... ... - - --- --- - ---- - - -- - - - - - -· 
f-1 
t\) 
\0 . 
Table 4.17 continued 
,... ---
._.. _________ 
- -- - .... -- - - -- -- ｾ＠ ｾＭＭ ---- ｾＭＭＭＭＭＭＭ _.._.---- ---
D Right3 Count 1.0 0.6 1.4 1.0 0.7 1.5 0.8 0.9 1.4 0.7 0.8 1.7 0.7 0.9 20 
(cont) Error 0.2 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 
E Left1 Count 
-- --
ｾ＠
-- -- --
2.2 1.0 0.6 3.0 0.9 0.5 3.6 1.0 0.5 
Error t 0.4 0.1 0.1 0.6 0.1 0.1 0.8 0.1 0.1 
Left2 Count 
-- - --
1.1 0.6 1.8 0.9. 0.7 2.2 0.8 0.8 2.3 . 0.7 0.9 . 3.7 
Error 0.2 0.1 0.3 ·0.2 0.1 0.4 0.1 0.1 0.4 0.1 0.1 0.6 
Left3 Count 2.2 1.0 0.5 2.9 ' 1.0 0.5 3.5 1.1 0.5 3.8 1.0 0.5 4.1 1.2 0.4 
Error 0.5 0.2 0.1 0.7 0.1 0.1 0.9 0.2 0.1 Q.8 0.2 0.1 0.8 0.2 0.1 
Right 1 Count 
-- -- -- - -- --
0.6 . 0.8 1.8 0.6 0.8 1.8 0.5 1.0 1.8 
·Error 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 
Right2 Count - -- -- 1.4 0.7 0.9 1.6 0.7 . 0.8 1.9 0.7 0.7 2.3 0.7 0.6 
Error 0.2 0.1 0.1 0.2 0.1 0.1 . 0.3 0.1 0.1 03 0.1 0.1 
I Right3 Count 0.8 0.9 1.5 0.7 0.9 1.5 0.6 1.2 1.5 0.6 1.1 1.8 0.5 1.2 2.1 
Error 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 
F Left1 . Count 
-- -- -- -- - -· 2.0 1.1 0.5 2.7 1.1 . 0.5 3.3 1.2 o.s 
Error 0.4 0.2 0.1 0.6 0.2 0.1 0.8 0.2 0.1 
Left2 Count - - - 1.0 0.7 . 2.0 0.9 0.7 . 2.4 0.7 0.8 2.5 0.7 0.9 3.6 
Error 0.1 0.1 0.2 0.1 0.1 0.3 0.1 0.1 0.3 0.1 0.1 0.5 .,. 
Left3 Count 2.0 1.1 0.6 2.7 1.0 0.5 3.2 1.1 0.5 3.5 1.0 0.5 3.7 1.2 . 0.5 
Error 0.4 0.2 0.1 0.6 0.2 0.1 0.8 0.2 0.1 0.8 0.2 0.1 0.8 0.2 0.1 
.. 
Right 1 Count 
-- -- -- -- -- -
. 0.9 1.1, 1.1 0.8 1.1 1.1 0.7 1.4 . 1.1 
Error . 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Right2 Count 
-- -- --
1.1 0.7 . 1.3 1.2 0.8 1.1 1.5 0.7 0.9 1.8 0.7 0.8 
Error 0.2 0.1 0.2 0.2 0.1 r 0.1 0.2 0.1 0.1 0.3 0.1 0.1 
Right3 Count 1.0 1.2 0.7 1.0 . 1.3 0.7 0.8 1.7 0.7 0.8 1.6 0.8 0.7 1.7 .0.9 
Error 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.3 0.2 0.2 0.3 0.2 
---- ':"- --- .;.. -- - .. -- ------ .... -- - --- --- ... - ------- -- -------------------
. ｾ＠ ... 
:.-;.. 
ｾﾷ［Ｎﾷ＠
-.. ｾ＠
•/'. 
!t 
... 
w 
0 
Table 4.17 continued 
,_ ____ "' ____ --------- _________ "' _____ . ___ ----.-----------
· G .Left 1 count -- ·-- · - -- -- ｾ＠ 1.3 . i2 0.1 1.8 1.2 .0.7 2.2 1.3 0.6 I 
Error 05 0.2 0.1 0.7 0.2 0.1 0.8 0.2 0.1 
Left2 Count -- -- . -- 1.1 0.7 1.6 1.0 0.8 1.9 0.8 0.9 20 0.7 0.9 29 
Error i 0.3 0.1 0.3 0.2 0.2 0.4 0.2 0.2 0.4 0.2 0.2 0.6 
Left3 Count 1.4 1.4 Q.6 1.9 1.3 0.6 2.2 1.4 05 24 1.4 05 2.7 15 " 05 
Error 03 . 0.2 0.1 0.4 0.2 0.1 05 0.2 0.1 05 0.2 0.1 05 0.2 0.1 
Right 1 Count -- -- - - -- -- 1.0 1.1 0.9 0.9 . 1.1 1.0 0.8 15 0.9 
· · Error 0.2 0.1 0.1 0.2 0.1 . 0.1 0.2 03 0.1 
Right2 Count -- - - 0.7 0.9 .1.6 0.7 . 0.9 1.4 0.9 0.9 1.2 1.1 0.9 1.1 
Error 0.1 0.1 03 0.1 0.1 0.2 0.2 . 0.1 0.2 0.2 0.1 0.2 
Right3' Count "1.0 1.2 0.7 1.0 13 0.7 d.B 1.7 . 0.7 0.8 1.6 0.8 0.7 1.7 0.9 
Error 0.2 . 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.3 0.2 0.2 0.3 0.2 
H Left1 Count -- - -- - -- - 2.4 0.7 . 0.6 3.3 -0.7 0.6 3.9 . 0.8 05 
Error 0.5 0.1 . 0.1 0.7 0.1 0.1 0.9 0.1 0.1 
Left2 . Count -- - - 0.7 1.0 1.6 0.6 1.1 1.9 0.5 1.2 2.0 0.5 1.3 . 29 
Error 0.1 0.1 0.2 0.1 0.1 0.3 0.1 0.1 0.3 0.1 . 0.1 0.4 
.. 
Left3 Count 1.7 1.1 0.7 2.3 1.0 0.6 2.7 1.1 . 0.6 3.0 1.1 0.6 3.2 ' 1.2 0.6 
Error 0.3 0.1 0.1 05 0.1 0.1 0.6 0.1 0.1 0.6 0.1 0.1 0.6 0.2 0.1 
\ 
Right 1 Count -- - - -- -- -- 0.6 0.8 1.8 0.6 . 0.8 L9 . 05 LO 1.8 
Error 0.1 ＰＮｾ＠ 0.2 0.1 0.1 0.2 . 0.1 0.1 0.2 · 
Right2 C9unt -- -- - 0.9 ' 1.2 0.8 1.0 1.2 0.7 1.2 1.2 0.6 1.4 1.2 0.5 · 
Error 0.2 0.1 0.1 . 0.2 0.1 0.1 0.2 0.1 0.1 03 0.1 0.1 
Right2 Col.mt -- -- -- 0.9 ·1.2 0.8 1.0 1.2 0.7 1.2 1.2 . 0.6 -1.5 1.1 0.5 . 
Error 0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.3 0.1 . 0.1 
-
Right3 Count 1.1 0.8 1.1 1.1 0.8 1.2 0.9 . 1.1 1.1 0.8 1.1 1.4 0.7 1.1 L6 
Error 0.2 0.1 0.2 0.2 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.2 0.2 
._. 
w 
._. 
Overlay 
CZ30826 
CZ31135 
CZ31541 
Time Since 
Production 
(Days) 
19.992 
14.917 
i3.169 
32.905 
19.188 
27.129 
20.024 
31.872 
13.234 
30.256 
19.21 
28.913 
20.246 
32.055 
13.97 
31.233 
19.945 
28.967 
Geometry 
Left1 
Left2 
Left3 
Right 1 
Right2 
Right3 
Left1 
Left2 
Left3 
Right 1 
Right2 
Right3 
Left1 
Left2 
Left3 
Right 1 
Right2 
Right3 
Table4.18 
JAERI Phantom Measurements of Spatial Distribution (Collimators 1) 
(Errors are quoted -at the 95% Confidence Level) 
Count Count Results 
Time Detector 
(mins) ' 1 2 3 1 
30 820 +/-141 992 +/-125 1201 +/-154 3168 +/-543 
40 1560 +/-141 2527 +/-274 1857 +/-183 3196 +/-290 
60 2066 +/-255 3153 +/-265 3733 +/-306 2505 +/-309 
80 1046 +/- 90 1367 +/-110 1638 +/-119 3661 +/- 317 
50 1757 +/-111 3421 +/-233 1707 +/-128 3855 +/-244 
80 1811 +/-172 1621 +/-164 1954 +/-150 4272 +/-405 
60 1553 +/-190 1821 +/-182 2225 +/-217 3006 +/-367 
80 929 +/-107 1657 +/-194 1115 +/-110 3030 +/-350 
60 2039 +/-245 3226 +/-231 3538 +/-266 2483 +/-299 
80 1208 +/-110 1564 +/-157 1948 +/-185 3528 +/-321 
90 2644 +/-185 5269 +/-335 2406 "! 1- 252 3228 +/-225 
80 1467 +/-113 1384 +/-1.23 1455 +/-96 3909 +J .. 3Q2 
90 1663 +/-276 3197 +/-210 2286 +/-253 2179 +/-362 
80 861 +/-106 1656 +/-175 1160 +/-110 2843 +/-35() 
60· 1901 +/-195 3348 +/- 275 3362 +/-247 2434 +/- 250 
·-
80 1121 +/-101 1604 +/-134 1749 +/-128 3498 +/-314 
ｾ＠
60 1736 +/-189 3230 + 1- 249. 1730 +/-193 "3343 +/-365 
80 1504 +/-157 1324 +/-136 1448 +/-174 4021 +/- 419 
Corrected Count 
Detector 
2 3 
3033 +/-383 3483 +/- 448 
4097 +/-445 2855 +I- 281 
3024 +/-254 3397 +/-278 
3785 +/-305 4303 +/- 312 
5940 +/-405 2812 +/-210 
3024 +/-306 3460 +/-us 
. i 
I 
2789 +/-279 3233 +/- 3:J.S 
4276 +/-501 2729 ＫＯＭｾ＠
3108 +/-222 3234 +/-243 
3613 +/-362 4269 +/-406 
5090 +/-323 2205 +/-2?1 
2918 +/-259 2910 +/-191 
3315 + 1- 218 - 2249 +/-249 
4327 +/-458 2875 +/-274 
3392 +/-279 3231 +/- 238 
3963 +/-332 4098 +/- 300 
4920 +/- 380 2501 +/- 279 
2800 +I- 288 2907 +/-350 
Table 4.19 
JAERI Phantom Overlay Used to Simulate Subject Physique 
Subject Overlay Used Corresponding Phantom 
Chest-wall Thickness (rom) 
\ A CZ-31135 31.8 
B CZ-31135 31.8 
c CZ-31541 35.1 
D CZ-31135 31.8 
E C.Z-30826 28.5 
F CZ-30826 28.5 
G CZ-31135 31.8 
H CZ-30826 28.5 
·132 
·{; .. .. ' • . 
J--1 
w 
w 
Subject 
A 
B 
ｾＭＭＭＭＭ
Geometry 
Left1 
Left2 
Left3 
Right 1 
Right2 
Right3 
Left1 
Left1 
Left2 
Left2 
Left3 
Right 1 
Right 1 
Right2 
Right2 
Right3 
--- --
Table4.20 
Subject Measurements Assessed Using JAERI Phantom - Predicted Counts and Final Ratios (Collimators 1) 
(Errors are quoted at the 95% Confidence Level) 
Subject Phantom Predicted Count Count Ratio Ｈｏ｢ｳ･ｾ･､Ｏｐｲ･､ｩ｣ｴ･､Ｉ＠
Total Total Detector Detector 
Count Count 1 2 3 1 2 3 
6848 9029 2280 +/-343 2116 +/- 281 2452 +/-322 1.1 +/- 0.2 1.0 +/-0.2 1.0 +/-0.1 
7318 10034 2209 +/-323 3118 +/-460 1990 +I- 264 1.3 +/- 0.2 0.9 +I- 0.2 0.8 +/-0.1 
6879 8824 1936 +/-281 2423 +/-263 2521 +/-279 1.6 +/-.0.3 1.3·+/- 0.2 0.3 +/-0.1 
7967 11411 2463 +/-314 2523 +/-339 2981 +/-389 0.9 +/-0.2 1.1 +/- 0.2 1.0 +/-.0.2 
8619 10523 2644 +/-253 4169 +/- 380 1806 +/-223 1.1 +/-0.2 0.7 ＫＯｾＰＮＱ＠ 15 +I- 0.2 
8819 9736 3540 +/-404 2643 +/-323 2636 +/-281 1.2 +/- 0.2 1.1 +/; 0.2 0.6 ＫＯｾＰＮＱ＠
5822 9029 1938 +/-296 1799 +/-244 2085 +/-279 1.4 +/-0.3 0.9 Ｋｉｾ＠ 0.2 0.7 +/-0.1 
5861 9029 1951 +/-317 1811 +/-265 2099 ＫＯｾＳＰＴ＠ 15 +t-03 0.6 +/-0.2 0.8 +/-0.2 
7310 10034 ZJff1 + 1- 325 3115 +/-464 1988 +/-267 1.1 +/- 0.2 1.2 ＫＯｾ＠ 0.2 0.7 +/-0.1 
' ' 
7335 . 10034 2214 +/-334 3125 +/-476 1995 +I- 276 0.6 +I- 0.2 1.4 +/- 0.2 0.8 +/-0.1 
6828 8824 1921 +/-293 2405 +/-284 2502 +/-301 1.1 +/- 0.2 0.9 +/-0.1 1.1 +/-0.2 
6961 11411 2152 +/-259 2204 +/-281 2604 +/-321 1.2 +/-0.2 0.9 +/;.0.2 0.9 +/-0.1 
6005 11411 1857 +/-233 1901 +/- 252 2247 +/-289 0.7 +/-0.2 1.1 +/-0.2 1.1 +/- 0.2 
8260 10523 2534 +/-258 3995 +/-390 1731 +/- 222 0.7 +/- 0.1 1.3 +/-0.2 0.8 +/-0.1 
8398 10523 2576 +/-261 4062+/-395 1760 +/-225 1.0 +/- 0.2 1.0 +/-0.1 1.1 +/- 0.2 
6323 9736 ｾＳＸ＠ +/-292 1895 +/-233 1890 +/- 203 1.2 +/- 0.2 0.7 +/- 0.1 1.1 +/- 0.2 
-_ .. _---
--- ｾＭＭＭＭＭＭＭ ----- ---. - - ·--------- ·- - ·- - -- --- --- ---- - -
...... 
w 
ｾ＠
Table 4.20 continued 
..... - - -- -- -- - •poo - - - - r-- --- - - - - - _, - - - ----- - - - - - - - - - - - - - -- - - - Ｍｾ＠ - - - - -
c Left1 6077 7742 1710 +/· 325 2602 +/-296 1765 +/-255 1.1 +/· 0.3 0.9 +/-0.1 1.0 +/- 0.2 
Left2 6777 10045 1918 +/· 289 2919 +/-399 1940 +/- 250 0.9 +I- 0.2 0.8 +/-0.1 1.4 +/- 0.2 
Left3 6712 9057 1804 +/-229 2514 +/-280 2394 +/-251 0.9 +I- 0.2 1.1 +/-0.1 1.0 +/- 0.1 
Right 1 5988 11559 1812 +/- '131 2053 +/-260 2123 +/-254 . 0.9 +/- 0.2 0.9 +I- 0.2 1.2'+/- 0.2 
Right2 6493 10764 2017 ＫＯｾＲＷＴ＠ 2968 +/-333 1508 +/-208 1.0 +/- 0.2 0.9 +I- 0.1 13 +I- 0.2 . 
Right3 5433 9728 2246 +/-329 1564 +/-227 16'13 + 1- 257 0.8 +/- 0.2 0.8 +/- 0.1 15 +1-03 
D Left1 7582 9029 2524 +/-380 2343 +/-311 2715 +/-356 1.7 +!-03 0.8 +I- 0.1 05 +/-0.1 
Left2 8543 10034 2579 +/-380 3640 +/-541 '1324 +I- 312 0.7 +/- 0.1 1.0 +/- 0.2 1.4 +/- 0.2 
Left3 8077 8824 2273 +/-333 2845 +/-313 2960 +/-333 1.7 +/- 03 0.9 .+/- 0.1 0.6 +I- 0.1 .. 
Right 1 7797 11411 2411 +/- 297 2469 +/-321 2917 +/-368 0.8 +/- 0.2 1.0 +/- 0.2 1.2 +/- 0.2 
Right2 12667 10523 3886 +/- 391 6127 +/-591 2654 +/-338 1.2 +/-'0.2 1.0 +/- 0.1 0.8· +I- 0.1 
' Right3 7648 9736 3070 +/-348 2292 +/-278 2286 +/-242 0.6 +/- ,0.1 0.9 +I- 0.2 1.6 +I- 0.2 
I 
I 
ｾ＠ I 
: 
E Left1 5542 9684 1813 +/-369 1735 +/-291 1993 +/-338 1.0 +/- '0.3 1.1 +I- 0.2 0.9 +/-0.2 I 
Left2 6027 10149 1898 + 1- '135 2433 +/-335 1696 +/-220 1.2 +/- 0.2 0.9 +/-0.1 1.0 +I- 0.2 
Left3 5349 8926 ＱＵＰｾ＠ +/-240 1812 +/-240 2036 +/-267 0.8 +/-0.2 1.1 +/- 0.2 1.0 +I- 0.2 
' 
Right 1 7219 11749 2250 +/-259 2326 +/-258 2644 +/-278 1.1 +/- .0.2 1.0 +/- 0.1 0.9 +/-0.1 
Right2 7521 12607 2300 +/- 228 3543 +/-363 1677 +/-179 1.1 +/- 0.2 0.9 +I- 0.1 1.2 +/- 0.2 
Right3 6660 10756 2645 +/-324 1873 +/-239 2142 +/-234 0.9 +/- '0.2 1.0 +I-: 0.2 1.0 +/-0.1 
F . Left 1 4485 9684 1467 +/· 305 1405 +/-243 1613 +/-282 1.7 +/- 0.4 0.5 +I· 0.1 0.7 +/-0.1 
Left2 4238 10149 1335 +/-183 1711 +/·256 1192 +/·170 0.7 +/- 0.2 1.0 +/· 0.2 1.4 +/-: 0.2 
Left3 4193 8926 1177 +/-185 ＱｾＲＱ＠ +/-182 1596 +/-203 1.3 +/-03 0.8 +/-0.1 0.9 +I- 0.1 
'--------- - - - - - -- - - - - - - - - - - - - - - - - - - - - - -- 1- - - - - ... - - -- -
.. ..a 
w 
U1 
I 
I 
Table 4.20 continued 
ｾ＠ - - - - - - - - - - - - - - - - - - - - - ｾ＠ - - --- --'- - - - -- - - - - - - - - - - - - - - - --
F Right 1 4094 11749 1276 +/-153 1319 +/-153 1499 +/-166 0.7 +/-0.2 1.0 +/- 0.1 1.2 +I- 0.2 
(cont) Right2 4816 12607 1473 +/-162 2269 +/-256 1074 +/-125 1.2 +/- 0.2 0.7 +I- 0.1 1.2 +I- 0.2 
Right3 4165 10756 1654 +/-217 1171 +/-159 1340 +/-159 0.7 +I- 0.2 1.0 +/- 0.2 13 +/-0.2 
G Left1 7641 9029 2544 + 1- 375 . 1361 +/- 305 2737 +/-349 0.7 +/-0.2 . 1.2 +/- 0.2 1.1 +/- 0.2 
Left2 7544 10034 2278 +/-338 3214 +/-481 2052 +/-2:78 15 +/-03 0.9 +/-0.2 0.6 +I- 0.1 
Left3 7430 8824 2091 +/-314 2617 +/-300 2113 +/-319 0.9 +I- 0.2 1.1 ＫＯｾ＠ 0.2 1.0 +I· 0.2 
Right1 8395 11411 2596 +/-314 2658 +/-341 3141 +/-390 1.0 +I- 0.2 1.2 +I- 0.2 0.9 +I- 0.1 
Right2 7992 10513 2452 +/-259 3866 +/-393 1675 +/-220 0.7 +/- 0.1 1.0 +/- 0.1 1.5 +I- 03 
Right3 8956 9736 3596 +/-385 2684 +/-311 '2fj77 + 1- 265 0.9 +I- ＰＮｾ＠ 13 +I- 0.2 0.8 +/- 0.1 
Right3 7436 9736 2985 +/-364 2228 +/-289 2222 +/-256 0.9 +/-0.2 LO +/- 0.2 1.1 +/- 0.2 
...... 
I 
I 
H Left1 4446 9684 1455 +/-302 1392 +/-240 1599 +/-'4,78 1.6 +/-0.4 0.7 +/- 0.2 0.7 +/- 0.1 I 
Left1 4906 9684 1605 +/-328 1536 +/-258 1765 +/-300 1.2 +/-03 LO +/-02 0.9 +I- 02 
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Figure 4.47: The ratio of Observed to Predicted Counts for 
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CHAPTER V 
INTERPRETATION OF THE EXPERIMENTAL RESULTS 
5.1 Comparison of JAERI, LLNL and Subject Lungs 
Because of the difference between the results obtained 
using the LLNL and the JAERI phantoms (see chapter 4) it was 
necessary to establish which, if either, of these phantoms 
was representative of the subjects used in the study. In 
order to achieve this it was necessary to compare the size 
and shape of the phantom lungs with those of the subjects. 
Polyurethane lungs from both the LLNL and JAERI 
phantoms were sliced horizontally. These cross sections 
through the phantom lungs were compared with the transaxial 
MRI images obtained for each of the subjects at a similar 
depth (the distance from the apex of the lung). 
MRI measurements of the LLNL phantom were not carried 
out. The phantom organs are essentially made of the same 
material, with different amounts of calcium carbonate added 
to adjust the attenuation properties of the material as 
required. Since the hydrogen content of all of the tissues 
would thus be virtually the same it was doubtful whether MRI 
techniques would provide any useful information. 
Although the MRI images revealed some 
subject-to-subject variation the general findings (detailed 
below) applied to all of the subjects. 
5.1.1 The LLNL Phantom 
The LLNL phantom showed quite good agreement with the 
subject lungs at points close to the lung apex. At lower 
points, however, the phantom lung dimensions (particularly 
the lateral size) were greater than those of the supine 
subject lungs (examples are shown in figures 5.1 and 5.2). 
As already identified in chapter 4 (see section 4.4.2.2) 
several of the subject MRI images also indicated greater 
lung heights than those of the LLNL phantom. 
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5.1.2 The JAERI Phantom 
The size and shape of the subject lungs were compared 
with those of the JAERI phantom. The correlation observed 
was significantly different for the right and left lungs, 
partly because of basic differences in shape between the 
phantom and subjects, and partly because the phantom lungs 
were more symmetrical. The right lung shows good agreemen·t 
with the dimensions of the subject lungs, except when close 
to the lung apex (examples are shown in Figure 5.3). However 
the agreement with the left lung is not as good, the 
dimensions of the phantom lung being generally smaller 
(except at the lung apex) than those of the subject lungs 
(examples are shown in Figure 5.4). In addition to this the 
total height of the JAERI lungs (as identified in section 
4. 4. 2. 2) would seem to be greater than those of the 
subjects. 
Further comparison of the JAERI right lung with that of 
the subjects shows that the poor correlation at the apex of 
the lung may be related to the excessive JAERI lung height. 
The increase in cross-sectional area with increasing 
distance from the lung apex would appear to be too gradual. 
This is reflected in Figure 5.5 where cross-sections of the 
subject lungs have been compared with JAERI phantom 
cross-sections at a greater distance from the apex. 
5.1.3 General Observations 
It is uncertain how reproducible the MRI measurements 
are for a given individual. Further MRI measurements were 
carried out by the John Radcliffe Hospital, Oxford on behalf 
of the AEA Harwell (47). Unfortunately the results of these 
measurements were not available to AWE. They were used by 
Harwell to assess the CWT of each subject (as were the 
images used in this study). From the results of these CWT 
assessments it would appear that quite large differences 
between MRI images may occur, however, it is uncertain 
whether these could have been caused by variations in 
measurement techniques. The magnitude of differences between 
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MRI scans, and the significance of these differences needs 
further investigation. 
Neither the LLNL nor the JAERI phantom P.roved a 
particularly good representation of the lung shape of the 
subjects of this study. This makes the interpretation of the 
results obtained by reference to a phantom very dlfficult. 
In .an endeavour to overcome this problem it was decided to 
try to utilise computer modelling of the phantom and subject 
lungs. 
5.2 Further Mathematical Modelling 
In order to · obtain further information on the actual 
distribution of material in the lungs a mathematical model 
including both the thorax and the detectors was required. 
This demanded much more realistic modelling of the lungs 
than that previously developed (see section 3.3) but the 
method of assessing the effective detector solid angle 
employed in the initial modelling could be retained. 
The model consisted of both lungs, set a uniform 
distance beneath the chest surface. The total counts at each 
detector position were calculated by summing the counts·· 
contribution from each lung. 
5.2.1 Modelling of the LLNL Phantom 
Each lung shape was assessed separately and appropriate 
equations fitted to the lung profiles. Following 
measurements of the phantom a lung separation of 4 em, 
uniform along the total lung height, was adopted. 
5.2.1.1 The Right Lung 
The profiles of the right lung are shown in Figure 5.6. 
A lung height of 17 em was identified as being 
representative of the phantom lungs. Attempts were .then made 
to ｦｩｮｾ＠ a simple geometric representation of the lung shape. 
It was found that the main body of the lung could be 
described by a series of ellipses (see Figure 5.7) given by 
the ·equation 
(x-a)2 (z-{J)2 
ＮＮＮＺ｟Ｎ｟ＭＭ］ｾ＠ + = 1 
a2 b2 
••.••.•••.••••••••••.•••••••.••.••• (5.1) 
167 
.._ ________ llllllllli......, __ ..... _______________________________ _ 
. . ," . , .  ' ｾ＠ ,; - .' . . . . ---- Ｍ ＭＭＭ Ｍ ＭＭＭＭＺＭＭＭＭＭＭＭＭＭＭＭＺＭＭＭＭＭＺＭＭＭＭＭＭｾ｟｟｟ＬＭＭｾ＠
(see figure 5.8 for the nomenclature employed). 
Equations . for the variation of x0 (the minimum diameter 
of the eilipse) and b (half of the maximum ､ｩ｡ｭ･ｴ･ｾ＠ of the 
ellipse) with y were found using a least squares regression 
to fit data obtained from measurement of the horizontal LLNL 
lung sections ｣ｾｴ＠ for previous measurements ( se'e section 
5.1) combined·with X-ray images of the phantom. Both an 
exponential and a polynomial .fit to the data were considered 
(see figures 5. 9 and 5.10). It was · decided that the 
polynomials provided the· best fits to the data and the 
following equations were used Ｈ｡ｾｬ Ｎ＠ dimensions are in 
centimetres):-
ｘＰ Ｎ ｾＱＰＮＵＹＷＲＭ 0.3387y +0. 0871y 2 Ｍ Ｎ ＰＮＰＰＸＳｹｾ＠ +0.0002y4 
to fit x0 and 
b =10.4012 -0.0317y -0.0193y2 +0.0015y3 -0.0001y4 
to describe b. 
The chest-wall was simply represented by a uniform 
layer of material with the same thickness as the phantom 
｡ｶ･ｲｾｧ･＠ chest-wall thickness, which followed the contours of 
the lung. Thus 
P=10. 7+CWT+l.O 
where the 10.7 is half of the maximum diameter of the 
largest ellipse, and the addi tiona! 1. 0 em allows for a 
small detector to thoracic ｾｵｲｦ｡｣･＠ separation. (The detector 
face would be positioned on the plane corresponding to 
z=O ) 
Although these ellipses fitted the main body of 1 the 
lung quite accurately there ｲ･ｭｾｩｮ･､＠ a significant volume at 
the front of the lung that was outside their boundaries. It 
was anticipated that this volume would probably be a major 
contributor to the counts detected from the lung, and would 
thus also need to be modelled. It was found that this C()Uld 
be adequately achieved using a wedge, with the wedge 
intercepting the ellipse at 
x=a :, z=/3-b 
and 
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z = 4.519 -0.024y -o.oo7y2 +0.003y3 
(the correspon9ing value of x at this poirit being calculated 
from the equation of the ellipse) 
and peaking at 
X= -0.4333 -0.1645y -Q.QQ33y 2 +0.QQQ2y3 
and z =/3-b 
The additional volume modelled by the wedge does not 
extend over the full lung height and it was assessed that a 
sudden cut-off at 12.5 em above the base of the lung would 
be appropriate. 
Because o·f the high energy of . the photon emissions 
being considered (934 keV) the attenuation within the lung 
and chest-wall were ignored (see section 3.3.2). 
The lung was divided into small volume .elements (each 
with a 1 mm side length). The counts contribution from each 
of these volume elements was then calculated and the results 
summed to evaluate the overall result. The centre of the 
volume element was used to define its position. The solid 
｡ｮｧｬｾ＠ subtended by the detector could then be calculated 
qsing the method described in section 3.3. It was assumed 
that the distribution of ｲ｡､ｾｯｮｵ｣ｬｩ､･＠ in th.e LLNL lungs was 
uniform, so each volume element contained the same niobium 
activity. 
A flow diagram (Figure .D.2) and listing of this program 
are given in Appendix D. The values of the coefficients of 
all of the equations used in the model are more accurately 
defined in the da·ta statement at the beginning of .the 
program listing. Figure !? .11 compares horizontal 
cross-sections through the model with some of the sections 
through the LLNL right lung.· 
In order to verify that the model was functioning 
｣ｯｲｲ･｣ｾｬｹ＠ the programs were adapted so that, for a given 
valu.e of y, the x and . z co-ordinates of every elemental 
volume within that lung slice could be printed out. ｔｨ･ｳｾ＠
programs were run using an elemental volume with sides of 5 
mm and each of the co-ordinate points obtained.was plotted 
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on a graph. In this manner it was possible to ensure that 
the model was including only points that fell within the 
defined lung boundaries, and that all such points had been 
included. This exercise was repeated for each of the models 
developed and detailed in this chapter. 
Because the method of calculating the solid angle 
subtended by the detector was identical to that used in the 
early modelling the verification measurements carried out on 
the earlier model were still applicable (see section 3.3.3). 
In order to assess the adequacy of the shape of the 
model the volume of each small element was summed to produce 
a total lung volume. The lung volume obtained by this means 
was compared to that obtained by measuring the volume of the 
LLNL phantom right lung using a displacement tank. The 
calculated volume of 2070 cm3 showed good agreement with the 
measured volume of 2064 +/- 17 cm3 (a difference of 0.3%). 
Tables 5.1 and 5.2 show the results of using the model 
to simulate uniformly labelled phantom lungs. The results of 
the phantom measurements have also been included for 
comparison. For each measurement position these count 
results have been expressed as a percentage of the total 
counts (for all three measurement geometries). It was not 
possible to use absolute radioactivity concentrations in the 
model because the exact activity of the phantom lungs 
produced was not known. 
The differences between the model results and the 
measured values were used as an indication of the adequacy 
of the model. For the small collimators the maximum 
difference for an individual measurement was 2.7% and when 
the absolute values of the differences were summed for each 
set of measurements these sums ranged from 9.9% for the B4 
overlays to 13.0% for the B1 overlays. For the larger 
collimators the maximum individual difference was 2.9% and 
the sums of the absolute values of the differences ranged 
from 5.7% for the B1 overlays to 9.6% for the B4 overlays. 
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5.2.1.2 The Left Lung 
The . left lung proved much more difficult to simulate 
accurately without developing · a very complicated m?del. An 
attempt was made to keep the same basic shape, with ellipses 
and a wedge, however; because of variations in the location 
and orientation qf the wedge with lung height (see Figure 
. . 
5·.12) the model had to be adapted slightly. 
Equation 5.1 continues tq define the ellipses ｵｾ･､＠ to 
construct the basic lung shape. Polynomial fits to the lung 
profiles were used again·, with the ｦｾｬｬｯｷｩｮｧ＠ equations 
､･ｦｾｮｩｮｧ＠ the best fits to the data 
X0 =-8.200 -0.154y-0.023y
2 +0.003y3 
and 
b = 6.6134 -:-1.2288y + 0.4167y2 ＭＰｾＰＳＶＱｹ Ｓ＠ + 0.0008y4 
Figures 5.13 and 5.14 compare these profiles to the measured 
values. The wedge fitted to the ellipse intercepted with it 
at 
z ｾ＠ 5.80078 +2.39760y-0.84610y2 +0.09790y3 -0.00465y4 +0.00009y5 
and 
z.= 7.65449 -0.02312y -0.18154y2 +0.02007y 3 -0.00082y4 +0.00002y5 
(where the corresponding x values are calculated from the· 
equation of the ellipse). This wedge peaked at 
x = ＭＴｾＱＸＷＲ＠ +3.2177y ＭＰＮＹＵＲＳｹｾ＠ +0.1357y 3 -o .. 00.91y4 +0.0002y5 and 
z := -1.52245 -0.05456y +0.21379y 2 -o . 03062y3 +0.00174y4 -0.00003y5 
A flow diagram (Figure D.3) and program listing for 
this model are given in Appendix D. The values of the 
coefficients of all of the equations used in the model pre 
more accurately defined in :the data statement at the 
beginning of the program listing. Figure 5.12 compares 
cross-sections through this model to some of the sections 
through the LLNL left lung. 
ｔｾ･＠ method of assessing the total count by summing the 
contributions from each elemental volume remained the same 
as that adopted for the right lung. This total lung volume 
calculated from the model was 1611 cm3 (obtained using a 
. . 
volume element with sides of 1 mm). The measured LLNL lung 
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volume was 1560 +/- 6 cm3 confirming the model fit of the 
left lung to be less accurate than that for the right. It 
was thought, however, that the difference ( 3 %) was 
acceptable considering the other probable inaccuracies 
involved with the model. 
Tables 5.3 and 5.4 show the results obtained by using 
the model to reconstruct the counting geometries used over 
the LLNL phantom, and compares these results with the 
measured values. 
For the small collimators the maximum difference 
between the individual model results and the measured values 
was 2.8%. The sum of the absolute values of the differences 
for measurement sets ranged from 5.1% for the B2 overlays to 
9.2% for the B4 overlays. For the larger collimators these 
values were 3.1% for the maximum individual difference and 
6.5% with no overlays to 14.1% (B4 overlays) for the sum. 
5.2.2 Modelling of Subject Lungs 
There was insufficient time available to model all of 
the subject lungs. Subject D was therefore chosen because of 
the large deviation from the uniform distribution indicated 
by his measurements (see Section 4.4.2.1) 
The same basic modelling method as that adopted for the 
LLNL lungs was used for the subject lungs, with the model 
being built upon a series of ellipses. However, the models 
did have to be adapted slightly from those used for the LLNL 
lungs and a slightly different method had to be developed 
for each of the lungs. 
The model again consisted of both lungs located below a 
chest wall of uniform thickness. The counts contribution 
from each lung was calculated separately and summed to 
provide a total. 
Measurement of the MRI results showed that the 
separation between the subject lungs was not uniform, but 
varied with lung height. From these measurements it was 
established· that the lung separation (in em) could be 
approximated by the equation:-
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Lung Separation =8_-0.2y 
and the lung models were adapted to reflect this variation 
iri separation. 
5.2.2.1 Modelling the Right Lung 
The equation describing ｴｾ･＠ ellipses used to represent 
the main body of . the lui?-g had · to be ada.pted slightly to 
reflect the variation in lung separation with height. Using 
the nomenclature displayed in Figure 5.15 the ellipses could 
be represented by the equation:-
( x - a) 2 ( z - {J) 2 _
1 
• • • • • • • • • • : • • • • • • • • • • • • • • ｾ＠ • • • • • • • • • • • • • ( 5 . 2 ) 
..._____,..2-+ 2 -
a b 
where 
a =x0 /2 •• -•••••••••••••••••••••••••••••••••••••••••• (5.3) 
and 
a=a+(2-0.ly) · ••••••••••••••••••••••••••••••••••• (5.4) 
ｐｯｬｹｮｯｭｩｾｬ＠ fits to measurements of the MRI results 
produced the following equations:-
x0 = 9.1209 +0.2203y -:-0.0958y2 +0.0108y3 -0.0004y4 
and 
2b =14.4577+0.2329y-0.0354y2 -0.0002y3 
Plots of these profiles compared to the measured data are 
shown in Figures 5.16 and 5.17. 
The remainder of the lung was again modelled using 
wedges. In this case, howev_er, the lung shape required the 
addition of ｾ＠ wedge to the rear of the 1ung as well as the 
front. 
A front wedge '(see Figure 5.15) I which was present .for 
all values of y. less than 18 .. 5 em was assessed as being 
appropriate. It intercepted with the ellipse at 
( xintl , zintl ) and ( xint2 , zint2 ) • A 6th order fit was used 
to establish either the x or z co-ordinate in each case, the 
｣ｯｲｲ･ｳｾｯｮ､ｩｮｧ＠ co-ordinate could theri be 'calculated from the 
equation ｯｾ＠ the ellipse. The full equations · (including the 
relevant coefficients) for these fits to the data are given 
in the program listing in Appendix D. This wedge peaked at 
. . • I 
( · xpeakl , zpeakl .) and the full equations for both of these 
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co-ordinate points are also given in the program listing in 
Appendix D. 
The rear wedge (see Figure 5.15) was present . for all 
values of y less than .14.5 em. The rear limits of the wedge 
extended from (x=a,z={J+b) to ( xint3, z=P+b). The wedge then 
peaked at ( xpeak2. , zpeak2 ) and intercepted again· with the 
ellipse at ( xi1Jt4 , zint4 ) • These points were defined using 
the techniques outlined for the front wedge and · full 
listings of the equations used are again given in the 
program listing in Appendix D. A flow diagram (Figure D.6) 
for the program is also given in ａｰｰ･ｮｾｩｸ Ｎ＠ D. 
Figure 5.18 compares the lung outlines employed in this 
model with the MRI results. 
The count-rates predicted by this model are shoWn in 
Table 5.5 (expressed as a percentage of the total) together 
with the measured values for subject D. For the small 
collimators the maximum individual difference between the 
model results and the measured values was 8.2% and the sum 
of .a;t.l of the absolute values of the differences was · 1·6. 7%. 
F.or the larger collimators the maximum individual difference 
was 3. 5% and the sum of the diff'erences was 14.8%. It is 
clear that these values are greater than the values found 
for the model of the LLNL phantom. This could reflect a 
non-uniform distribution of particulate in the right lung of 
subject D, or may merely be a consequence of a poorer 
simulation of the subject lung compared to that obtained for 
the LLNL phantom. These findings are further discussed in· 
section 5.2.3, below. 
5.2.2.2 Modelling the Left Lung 
Modelling of the left lung was further complicated by 
the missing middle lobe of the lung. Although the lung could 
still ｾ･＠ represented by a series of ellipses and wedges this 
method produced a significant over-estimation of the lung 
volume for the values of y where the middle lobe was not 
present. This was avoided by utilising the wedge boundaries 
. (rather than the ellipse boundary) ·to define the outer 
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limits of the lung in certain circumstances. 
The . ellipses were. ｡ｧ｡ｩｾ＠ defined by equation 5.2, where 
equations ·s. 3 and 5. 4 still applied. The values of .x0 and b 
were given by the equations 
X 0 = -7.3036 + 0.1615y -0.0593y2 +0.0030y3 
and . 
2b = 14.1952 = 0.2935y -0.0286y2 -·0.0008y3 
The lung profiles produced by these ･ｱｵ｡ｴｾｯｮｳ＠ are shown in 
figures 5.19 and 5.20. Wedges were fitted to both the front 
and the rear of these ellipses (see ｆｩｧｵｲｾ＠ 5.15). 
The rear peak was only present ｾｯｲ＠ values of y less 
than 18.5 em. For these values of y the rear limits of the 
wedge extended from (x =a, z = {J+b) to ( xint2 . , z = f.J+b) • This 
wedge peaked at ( xpeak2 , zpeak2 ) and then j<;>ined with the 
front wedge at ( xintl , zintl .) • 
The front peak was .only present for values of y less 
than 12.5 em. This wedge peaked at ( . xpeakl , zpeakl ) and 
intercepted with the ellipse at (x=a, z={J-b) • 
. . For values of y · below 12.0 em the outlines of · these 
wedges were used to define the outline of the lung. However, 
for values of y above this value the ｯｵｴｬｩｮｾ＠ of the ellipse· 
- . 
was used to define the outline of the lung between ·the two 
wedges. This can be seen in Figure 5.21, where the outlines 
of the lung model produced .using this method are compared 
with the MRI results. 
The polynomial equations used to define the 
｣ｯＭｯｾ､ｩｮ｡ｴ･ｳ＠ given ·above are given · in full in the program 
listing in Appendix D. A flow diagram (Figure D.7) for the 
computer program is also given in Appendix D. 
The data obtained using ·this model are compared with 
the results of the subject measurements in Table 5.6. The 
maximunJ. difference between the . model results and the 
measured values was 2.4% for both the small and the larger 
collimators. The sum of the absolute values of . the 
differences was 7.6% for the small collimators and 6.0% for 
the large collimators. 
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5.2.3 Interpretation of the Modelling Results 
The models of the lungs . of the LLNL Phantom suggest 
that mathematical models can be established and the results 
from these models provided a base line, with which to 
compare the results of the modelling of the lungs of Subject 
D. 
The results obtained from the model of the right lung 
of Subject D suggest that there may be some non-uniformity 
in the distribution in the subject lungs. However, this is 
not reflected in the results obtained from the model of the 
left lung, the results of which are consistent with the 
accuracy experienced in modelling the LLNL lungs. Further 
examination of the differences between the model results and 
the measured values does not reveal any spatial pattern that 
may suggest concentration gradients within the lung. These 
facts point towards inadequacies in the model of the right 
lung of Subject D and examination of the outlines in Figure 
5.18 suggest that the model could be substantially improved, 
particularly for intermediate values of y. 
The higher concentration gradient towards the base of 
the lung indicated by the comparison of the subject results 
with phantom measurements (see Section 4.4.2.1) were not 
reflected in the comparisons with the results of the 
modelling of the lungs of subject D. The· conclusion must be 
that these results were an artefact of the differences in 
lung height between the LLNL phantom and subject D, and that 
the distribution of particulate ｷｩｴｨｾｮ＠ the lung is much more 
uniform than suggested by comparison with the LLNL phantom 
measurements. 
The modelling results for the subject lungs with the 
smaller collimators indicate a possible concentration "hot 
spot" for the right lung at the position of detector 2, 
geometry 2. There is also a slight indication of a similar 
high measurement result for the left lung in the same 
position, although the magnitude of the difference is 
significantly smaller for the left lung. Surprisingly the 
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results for detector 3, geometry 1 (right lung) and detector 
1, geometry 1 (left lung) show no elevated results, despite 
their close physical proximity to the detector 2, geometry 2 
measurement position. In addition elevated measurement 
results are not evident for the later measurements, made 
with the large collimators. 
This measured region of high concentration could be a 
consequence of the poorer modelling of the right lung of 
Subject D. Reference to Figure 5.18 would suggest that the 
model could over-estimate the count-rate for points close to 
the left edge of the right lung and values of y near the 
detector 2, geometry 2 position (Y = 9.1 em). However, an 
under-estimation by the model of the count-rate in this area 
would be required to explain the results. 
When compared with the model results the small 
collimator measurements show a depleted value for the 
detector 2, geometry 3 position. Again this result is 
predominantly displayed in the right lung measurements and 
is not as apparent in the results obtained using the large 
collimator. 
The cause of these differences between the measurement 
results and the model calculated values will be considered 
further in the next chapter. 
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Table 5.1 
Comparison of the results of the LLNL right lung model with 
the results of the phantom measurements - small collimators 
All values are expressed as a percentage of the total counts obtained from all three measurement geometries 
Overlay Geometty Detector! Detector2 Detector3 
Measured Model Measured Model Measured Model · 
'None 1 10.4 +/-1.0 11.5 10.5 +/-0.7 11.6 10.2 +/-0.7 12.4 
2 8.7 +/- 0.9 7.3 16.9 +/-1.0 14.7 9.9 +/-0.8 9.0 
3 15.4 +/-1.3 14.5 11.9 +/-0.8 12.6 5.9 +/-0.6 6.4 
B1 1 11.3 +/-1.1 11.4 11.8 +/- 0.9- 11.6 10.4 +I- 0.8 12.3 
2 8.8 +/-1.1 7.4 17.0 +/-1.5 14.7 10.3 +/-1.0 9.1 
3 15.8 +/-1.3 14.4 10.0 +/-0.8 12.6 4.7 +/-0.5 6.6 
B2 1 11.3 +/-1.1 11.3 11.8 +/-0.9 11.7 11.4 +/- 0.8 12.2 
2 8.0 +/-1.0 7.5 15.7 +/-1.4 14.7 10.5 +/-1.1 9.1 
3 16.2 +/-1.3 14.3 9.9 +/-0.8 12.6 5.3 +I- 0.5 6.7 
B3 1 10.9 +/-1.1 11.2 11.8 +/- 0.8 11.7 9.7 +/-0.8 12.1 
2 7.3 +/-1.0 7.6 14.4 +/-1.3 14.7 10.2 +/-1.0 9.2 
3 15.3 +/-1.3 14.1 10.2 +/-0.8 12.6 4.3 +/-0.5 6.8 
B4 1 _12.9 + /-1.3 11.0 12.5 +/-0.9 11.8 11.0 +/-0.8 11.9 
2 7.3 +/-1.0 7.7 14.5 +/- 1.1 14.7 10.9 +I- 0.8 9.2 
3 14.7 +/-1.4 14.0 11.6 +/-0.9 12.7 4.7 +/-0.6 7.0 
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Table 5.2 
Comparison of the results of the LLNL right lung model with 
the results of the phantom measurements - large collimators 
All values arc expressed as a percentage of the total counts obtained from all three measurement geometries 
Overlay Geometry Detector 1 Detector2 Detector 3 
Measured Model Measured Model Measured Model 
None 1 7.8 +/- 0.9 9.4 10.5 +I- 0.7 11.6 12.1 +/- 0.8 12.6 
2 10.6 +I- 0.8 9.1 15.3 +/- 0.8 15.7 8.7 + /-0.6 9.0 
3 16.1 +/-1 .0 13.7 12.0 +I- 0.7 12.3 6.9 +I- 0.5 6.6 
Bl 1 8.3 +/- 0.9 9.4 10.7 +I- 0.8 11.6 12.6 +/- 0.8 12.4 
2 10.0 +/-0.7 9.1 15.3 +I- 0.8 15.7 8.9 +/- 0.6 9.0 
3 15.3 + 1- 1.0 13.6 12.2 +/- 0.7 12.3 6.6 +I- 0.5 6.9 
B2 1 9.3 +/- 0.8 9.4 10.7 +/- 0.8 11.6 12.3 + 1- 0.8 12.3 
2 9.5 +I- 0.8 9.1 14.1 +I- 0.8 15.8 10.2 +I- 0.6 9.0 
3 15.3 +/-1.1 13.4 11.8 +/- 0.7 12.3 6.6 +I- 0.6 7. t 
B3 1 9.2 +/- 0.6 9.4 11.4 + 1- 0.5 11.6 12.3 +/- 0.5 12.3 
2 9.1 +/- 0.5 9.1 14.1 +/- 0.6 15.8 9.7 +I- 0.4 9.0 
3 16.2 +/-1.1 13.3 10.7 +/- 0.8 12.2 7.3 +/- 0.6 7.2 
B4 1 9.8 +/-1.0 9.4 10.9 +I- 0.8 11 .6 13.3 +/- 0.9 11.2 
2 8.5 +/- 0.8 9.1 14.4 +/- 0.8 15.9 9.6 +I- 0.6 9.0 
3 15.9 +/- 0.8 13.2 11.1 +/-0.5 12.2 6.5 + 1- 0.4 7.4 
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Table 5.3 
Comparison of the results of the LLNL left lung model with 
the results of the phantom measurements - small collimators 
All values are expressed as a pe1·centage of the total counts obtained from all three mcasmcmcnt geometries 
Overlay Geometty Detector 1 Detector 2 Detector 3 
Measured Model Measured Model Measured Model 
None 1 8.6 + /- 1.3 10.8 10.9 +/- 0.8 11.7 12.5 +/-1.0 13.9 
2 13.3 + /- 1.2 12.6 15.7 +/- 1.2 14.8 3.3 +/- 0.5 3.0 
3 6.3 +/-1.1 6.0 11.8 +/- 0.9 10.3 17.6 +/- 1.2 17.0 
B1 1 8.5 +/-1.3 10.8 1'1.9 +I- 0.9 11.7 13.4 +/-1.0 13.7 
2 '12.9 +/-1.3 12.5 15.8 +/- 1.2 14.8 3.2 +I- 0.6 3.1 
3 6.0 +/-1.2 6.2 10.8 +/- 0.9 10.4 17.5 +/-1.2 16.8 
B2 1 9.5 + 1-1.5 10.7 11.8 +/-1.0 11.7 12.6 +/-1.1 13.6 
2 12.4 + /- 1.3 12.5 15.2 +/- 1.2 14.8 3.3 +/- 0.5 3.2 
3 6.1 + /-1.2 6.4 11.2 +I- 0.9 10.5 18.0 +/- 1.2 16.8 
B3 1 10.0 +/-1.4 10.7 11.5 +/-0.9 11.7 12.9 +/- 1.2 13.5 
2 14.0 + /- 1.3 12.5 13.6 +/-1.2 14.8 3.2 +/- 0.5 3.3 
3 6.7 +/-1.1 6.5 10.6 +/- 0.9 10.5 17.4 +/-1.3 16.5 
B4 1 9.7 +/-1.5 10.6 12.4 +/- 1.1 11.8 14.1 +/- 1.2 13.3 
2 14.6 +/-1.5 12.4 12.0 +/- 1.2 14.8 3.5 +/- 0.5 3.-l 
3 6.0 +/-1.4 6.7 10.4 +/-1.0 10.6 17.2 +/- 1.4 16.3 
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Table 5.4 
Comparison of the results of the LLNL left lung model with 
the results of the phantom measurements - large collimators 
All values are expressed as a percentage of the total counts obtained from all three measurement geometries 
Overlay Geometry Detector 1 Detector 2 Detector 3 
Measured Model Measured Model Measured Model 
None 1 8.8 +/- 0.9 9.7 13.7 +/- 0.7 14.4 9.9 +I- 0.7 11.2 
2 13.4 + /-1.1 13.2 14.6 +/- 1.0 14.6 5.3 +I· 0.6 5.7 
3 4.4 +/-0.7 4.3 13.3 +I· 0.7 11.0 16.5 +I- 0.8 15.9 
B1 1 9.5 +/-1.0 9.7 13.0 +/-0.7 14.2 9.8 +I· 0.8 11.2 
2 13.5 +/-1.1 13.0 14.2 + /- 1.0 14.8 5.7 +I- 0.5 5.8 
3 4.8 +/- 0.5 4.6 12.5 +I- 0.5 10.9 17.0 +/- 0.6 15.8 
B2 1 9.1 +I· 0.9 9.8 12.3 +/- 0.8 14.0 10.5 +I- 0.8 11.2 
2 14.7 +/-1.3 12.8 13.2 +/-1.0 15.0 5.3 +/- 0.6 5.9 
3 5.0 +I· 0.8 4.8 13.2 +/- 0.8 10.9 16.8 +/- 0.9 15.7 
B3 1 8.8 +/-1.0 9.8 12.9 +I- 0.9 13.8 11.5 +I- 0.9 11.3 
2 15.2 +/-1.2 12.6 13.1 +/-1.0 15.1 5.0 +I- 0.5 5.9 
3 4.9 +/-0.8 5.0 11.7 +/- 0.7 10.9 16.8 +/-1.0 15.6 
B4 1 8.5 +/-0.7 9.8 12.7 +/- 0.6 13.6 11.9+/-0.5 11.3 
2 15.2 +/- 0.9 12.4 12.2 +I· 0.6 15.3 4.3 +/- 0.4 6.0 
3 5.3 +/-0.8 5.3 12.6 +I· 0.8 10.8 17.4+/-0.9 15.5 
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Table 5.5 
The results of the model of the right lung of Subject D 
compared with the results of measurement 
All values arc expressed as a percentage of the total counts obtained from all three measurement geometries 
Collimator Geometry Detector 1 Detector 2 Detector 3 
Measured Model Measured Model Measured Model 
Small 1 6.7 +/-1.0 6.5 8.4 +/-1.0 9.3 12.7 +/-1.2 15.5 
2 16.8 +/- 2.1 . 16.8 2L.l +/-1.7 12.9 7.2 +/- 0.8 7.2 
3 6.8 +/-1.3 7.1 7.3 +/-0.9 11.5 13.1 + /- 1.2 13.2 
Large 1 4.7 +/-0.9 5.4 6.1 +I- 0.6 9.6 14.9 +/-1.4 15.9 
2 16.5 +/-1.6 13.7 14.6 +/-1.4 14.0 9.6 +/-1.1 8.2 
3 12.5 +/-1.9 9.8 7.6 +/- 0.8 8.9 13.6 +/-1.1 14.4 
Table 5.6 
The results of the model of the left lung of Subject D 
compared with the results of measurement 
All values are expressed as a percentage of the total counts obtained from all three measurement geometries 
Collimator Geometry Detector 1 Dctector2 Dctector3 
Measured Model Measured · Model Measured Model 
Small 1 17.7 +/-1.8 17.6 7.8 +/- 0.8 7.6 5.8 +/- 0.7 6.2 
2 7.0 +/-1.2 6.2 14.8 +/-1.5 13.4 13.5 +/- 1.4 12.3 
3 15.8 +/-1.8 16.1 10.2 +/-1.1 11.0 7.3 +/-0.8 9.7 
Large 1 17.4 +/- 2.4 16.2 6.4 +I- 0.9 8.8 6.7 +/- 0.9 6.9 
2 7.5 +/-1.4 7.8 15.9 +/-1.6 15.2 11.3 +/-1.1 11.3 
3 15.8 +I- 2.1 15.3 8.8 +/-1.2 8.8 10.2 +/- 1.1 9.5 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
6.1 The Spatial Distribution of Inhaled Material in the 
Lung 
By considering the results of the subject and phantom 
measurements in conjunction with the mathematical modelling 
results the distribution of inhaled 1 ｾｭ＠ particles within 
the lung would appear to be quite uniform. This is in 
contrast with the findings of other studies with la;rger 
particle sizes (see Section 1. 1). Thus, although the 
distribution of inhaled 1 pro particles in the human lung may 
be uniform, the distribution is probably extremely particle 
size dependent. 
The more uniform distribution found for smaller 
particles is probably a consequence of the greater particle 
penetration into the smaller airways. For particles above 
3 ｾｭ＠ impaction is the dominant deposition mechanism. For 
particles between 1 and 3 pm both sedimentation and 
impaction are important, with sedimentation becoming more 
prominent with decreasing particle size (see Section 2.3). 
As impaction in the airways decreases the penetration of 
material into the deep lung increases and thus so does the 
distribution uniformity. 
The possible "hot spot" identified in the results for 
subject D, and indicated by the results for several 
subjects, is more difficult to explain. The measurement 
position is consistent with the position of the 
tracheobronchial or broncheopulmonary lymph nodes. However, 
the relevant measurement was made just over four days after 
ｩｮｨ｡ｬ｡ｾｩｯｮ＠ and this is thought to be too short a period to 
see a significant build-up of material in the lymph nodes. 
The position is also consistent with the position of the 
main right bronchus (63) but the rapid ｣ｬ･｡ｲ｡ｾ｣･＠ from the 
main airways should be complete by four days past-inhalation 
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(see section 2.3.5). It is possible that the result was 
caused by a localised pulmonary deposit but it would have to 
be restricted to a very small area because of the lack of an 
enhanced result for the adjacent measurement position (see 
section 5.2.3). 
In an attempt to identify the cause of this phenomenon 
reference was made to the new ICRP model of the respiratory 
tract (64). Although the ICRP has yet to publish the final 
version of this model, sufficient information was available 
to use it for this purpose. The polystyrene aerosol was 
assumed to be totally insoluble. This simplified the model 
to that shown in Figure 6.1. A computer program was then 
used to calculate the proportion of the inhaled material in 
each model compartment at various times post-exposure. The 
total chest content that would be visible to the detectors 
was assumed to include the following compartments:-
BB1 Bronchi (airway generations 1 - 8) muco-ciliary 
clearance 
Bronchioles (airway generations 9 15) 
muco-ciliary clearance 
AI 1 Alveolar interstitial region (airway generations 
16 - 26) fast clearance 
AI 2 Alveolar interstitial region medium clearance 
AI 3 Alveolar interstitial region slow clearance 
BB2 Transport over bronchi surfaces 
bb2 Transport over bronchiolar surfaces 
BB Sequestration in walls of bronchi seq 
bbseq Sequestration in walls of bronchioles 
LNth Thoracic lymph node 
The model confirmed that the thoracic lymph node 
content at four days post-exposure is negligible when 
compared with the total chest content (0.02%). The model 
also suggests a mechanism by which some material may still 
be located in the bronchi and bronchioles. The compartments 
BB2 and bb2 represent a slow clearance phase from these 
airways, and BB and bb represent retention within the 
seq seq 
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walls of the airways. Because the bronchioles penetrate deep 
into the lungs (see Figure 6.1) it was thought that the 
distribution seen from bb2 and bbseq would be fairly evenly 
distributed throughout the measurements. The distribution 
from BB2 and BB would be quite different, however, and may seq 
lead to elevated individual measurements. 
The content of the BB2 and BB compartments at four seq 
days post-inhalation amounted to 7.1% of the total chest 
content, and 7.5% at eight days post-exposure (the time of 
the left lung small collimator measurement). These figures 
increased to 9.1% at 32 days and 9. 2% at 33 days 
post-inhalation (the times of the large collimator 
measurements). However, this represents the total content of 
all of the airway generations between 1 and 8, all of which 
would not be visible to the detectors. The relative 
concentrations between the airways serving the right and 
left lungs are also unknown, although presumably the greater 
number of airways on the right side would lead to a greater 
effect here. The percentages above correspond to an excess 
value of 8.8% for the small collimator measurements (8.2% 
for the right lung and 0.6% for the left) and 2.1% for the 
large collimator measurements (1.4% for the right and 0.7% 
for the left). 
Thus particles remaining in the major airways may play 
a part in the elevated results obtained but the much larger 
effect for the right lung, and the lack of a significant 
result for the large collimator measurements remain 
un-explained. 
The elevated result could also be caused by poor lung 
modelling. As discussed in Section 5. 2. 3, a simple 
examination of the model profiles adopted indicates that the 
faults with the model would not explain these results. 
However, this examination was very superficial and, although 
we can speculate on the cause of the elevated results no 
conclusions can be made until an improved model of the right 
lung has been developed. 
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6.2 The Effect of Spatial Distribution on In-Vivo Monitoring 
It was intended that, having mapped the spatial 
distribution of material in the lung, this information would 
be used to assess the effect of any non-uniformities on 
in-vivo measurement. This was to be achieved using 
mathematical models of the lung/detector counting 
geometries. However, because the distribution found was more 
uniform than had been expected this project aim became 
redundant. 
The concentration 11 hot spot" that may have been found 
in the right lung will require modelling, if identified as 
being physically present, and not just an artefact of the 
analysis method. 
Other studies have reported extremely non-uniform 
distributions of material in the lung when larger particles 
are inhaled (see Section 1.1). Unfortunately these studies 
contained insufficient detailed information to allow the 
construction of a model of the lung content. 
The results of this study, when considered in 
conjunction with the findings of other studies at larger · 
particle sizes suggest that the distribution is extremely 
particle-size dependent. Thus, following an inhalation a 
knowledge of the size of particle to which an individual has 
been exposed may be as important in the interpretation of 
in-vivo monitoring results as it is in many other parts of 
the dose assignment process. It is widely accepted that, 
although representative of environmental aerosols, a 1 ｾｭ＠
particle size is smaller than that generally experienced in 
the nuclear industry1 • However, the range of particle sizes 
that may be encountered in the work-place may be quite wide. 
The particle sizes of interest will depend upon the 
1. It is anticipated that the new lCRP rcspiratOJ)' tract model to he published in 1993 will reflect this fact by recommending that a 
particle size of 5 pm be assumed for future dose assessment unless more detailed information is available. 
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employed and other conditions prevailing during particle 
production. Thus for establishments that carry out many 
varied operations a "typical" particle size may be difficult 
to define. 
6.3 Counting Geometry for the New AWE Detector System 
Because of the small effective area of the detectors to 
be used in the new AWE in-vivo monitoring facility (see 
Section 2.1.1) compared with the lung area to be monitored, 
the effective positioning of the detectors was extremely 
important. 
Initial plans for the counting geometry to be used in 
the new facility were based on the findings of Gunston that 
the concentration of 3.5 ｾｭ＠ particles at the apex of the 
lung could be 13 times that at the base (Reference 51, see 
Section 1.1). Thus it had been intended that six detectors, 
placed in two triangular arrangements of three (one over 
each lung) would be positioned to cover the lung apices. 
Three further detectors were purchased as "spares", in ·order 
to prevent the loss of excessive monitoring time in the 
event of detector failure. However, the findings of this 
study that the distribution of smaller particles in the 
lungs may be much more uniform than expected suggested that 
a greater lung coverage would be necessary. 
In order to assess a more appropriate detector 
arrangement the chest X-rays of the subjects of this study 
were used as a template of the lung area to be covered. 
Against this template various. detector arrangements were 
examined for the percentage lung-cover they offered. 
Although the new detectors have a small active crystal 
diameter (51. 5 mm) the diameter of the attached liquid 
ｮｩｴｲｯｧｾｮ＠ dewar is much larger (90 mm) and limits how closely 
the detectors can be packed. After considering the possible 
options the detector arrangement displayed in Figure 6.2 was 
selected. Only three detectors were considered to be 
required over the left lung. This was because of the reduced 
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anterior surface area of the lung due to the absence of a 
middle lobe and the presence of the heart. Four detectors, 
however, were required over the right lung in order to 
provide adequate coverage. 
Consideration was also given to the position of the 
subject during measurement (see Appendix C). It was found 
that for subjects of large chest build, and for female 
subjects the CWT of a subject in a seated position may be 
considerably less than that in a supine position. This 
results in a reduction in the attenuation of the radiations 
of interest as they pass through the chest-wall. The 
reduction in attenuation encountered at the apices of the 
lungs are greater than for the lungs as a whole (thus 
improving the radiation detection efficiency when the 
material is predominantly deposited towards the lung 
apices). The benefits of using a seated monitoring position 
far out-weigh the small increases in attenuation seen for 
some very thin subjects. On this basis, and considering 
subject comfort (some people find it uncomfortable to lie on 
their back for a long period of time) it was decided to 
position the subject in a seated position in the new AWE 
in-vivo detection system. 
6.4 The Attenuation Properties of AWE Produced Polyurethane 
Lungs 
The attenuation properties of AWE-produced polyurethane 
lungs for use in the LLNL phantom were examined (see 
Appendix B) and found to be in good agreement with 
calculated values for real lung tissue. It also proved 
possible to produce both blank lungs and simulated active 
lungs to the same standard. 
It should be noted, however, that quite a large 
variation in quality was found during the initial exercise 
of comparing lungs produced by several operators. Although 
it is possible to consistently produce high quality lungs, 
small, apparently insignificant changes in the production 
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process, the chemicals used or poor operator training (or 
lack of experience) may lead to large variations in the lung 
properties. 
For the lungs produced using the improved techniques, 
the attenuation coefficient measurements made throughout the 
bulk of the lungs showed no signs of density gradients, or 
localised areas of high or low density. The material 
consistency seemed fairly uniform throughout all of the 
measured material. 
Unfortunately no measurements were carried out on the 
outer surface of the lungs. There remains some concern that 
the pressure build-up within the foaming material may lead 
to a dense "skin" being formed on the lung surface during 
lung production. It is not possible to visibly identify 
whether or not this is the case and, although it is 
anticipated that with proper controls on the lung production 
process any such skin formed can be kept very thin, the 
attenuation properties of this compacted material require 
examination. 
Also of some concern is the distribution of material in 
the phantom lungs. It has always been assumed that the 
distribution of radionuclide within the LLNL phantom lungs 
is uniform and, since the lung density is uniform and the 
radionuclide is well mixed within the lung ingredients, the 
assumption is probably well founded. 
In addition to the experimental work carried out on the 
lungs for the LLNL phantom recipes were developed for the 
production of lungs for the JAERI phantom. The attenuation 
properties of these lungs were also found to be in good 
agreement with those of real lung tissue (see Appendix B). 
6.5 Recommendations for Future Work 
The model of the right lung of Subject D must be 
improved in order to clarify the situation with the possible 
radioactivity "hot spot" found when the subject measurements 
were compared with the results of the mathematical 
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modelling. 
The lungs of the other seven subjects should also be 
modelled in order to obtain additional information on 
radionuclide distribution within the lungs. From the results 
obtained by comparison of the subject measurements with the 
LLNL and JAERI phantom measurements, however, it is not 
anticipated that the results of the other measurements will 
reveal distributions significantly different to that 
obtained for Subject D. 
In principle improved computer models could be 
established by using the data files obtained from MRI 
measurements to define the anatomy of each subject. This 
would produce a much more accurate model of the thorax of 
each subject, but this form of data interpretation was 
beyond the scope of this study. It is also possible, using 
advanced MRI techniques, to reconstruct data slices in any 
orientation. This could also assist in the construction of 
three-dimensional models, which is difficult simply by 
reference to two-dimensional images. However, following the 
possible differences between MRI measurements identified by 
AEA Harwell (see section 5.1.3), the reproducibility of MRI 
scans needs to be examined. 
The modelling technique developed could, with some 
adaptation, be used to analyse the results of measurements 
of the lung burdens of individuals who have been 
occupationally exposed. This would require slight adaptation 
of the model to simulate the counting geometry routinely 
used for in-vivo measurements. A greater level of adaptation 
will be required to account for the greater attenuation of 
the lower energy emissions of .interest, and the difference 
in attenuation between the different chest-wall materials 
(see Section 2.1.2 and Appendix F). This will require the 
modelling of the ribs, the separation of the chest-wall 
material into muscle and adipose contents, and consideration 
of the attenuation of the radiations in each of these 
materials, as well as lung. 
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The differences between the size and shape of the lungs 
of the LLNL phantom and those of the subjects have not yet 
been addressed. The effect of the differences on detector 
calibration could be assessed by further mathematical 
modelling. This would also require the adaptation of the 
model to reproduce the detector geometries routinely used 
for in-vivo assessment. The model will also need to take 
account of the attenuation within the lung and chest-wall of 
the lower energy radiations of interest in routine 
moni taring (see Section 2. 1. 2 and Appendix F) . Then, by 
comparing the results of the phantom model and the subject 
model it will be possible to estimate the effect of 
anatomical differences between the phantom and subjects on 
detector calibration. 
Because of the lack of detailed information concerning 
the distribution of inhaled larger particles in the lung no 
analysis can currently be carried out on the effect of 
non-uniformities on detector calibration. A further 
inhalation study will be required to study the distribution 
of larger particles within the lung. The selection of an 
aerosol size for this study will be difficult and the ideal 
solution would be the identification of a "typical" aerosol 
size, which may be experienced in AWE processes. However, 
for the reasons discussed in Section 6.2 this may not be 
possible. The value of the results from any future study 
will be improved if the experimental procedure proposed for 
this study were adopted (see Section 3.1.2) but limiting the 
aerosol to a larger size. The models developed for the 
present study could then be used to analyse the effect of 
the distribution on detector calibration. This will also 
require the changes to the model discussed above (in terms 
of detector geometry and chest-wall attenuation) to be 
incorporated. 
As discussed in Section 6.4, further investigation of 
the properties of the LLNL lungs is required since there is 
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concern that the lung material may produce a dense skin on 
the .. lung.. surface during production. The attenuation 
coefficients of the surface of the lungs should be measured 
in order to assess the effect, if any, of this skin on the 
overall attenuation properties of the lungs. The 
distribution of activity throughout the LLNL lungs must also 
be verified. More detailed information on the uniformity of 
the lungs, and the linear attenuation coefficient 
distribution could be obtained using X/Y tomography. 
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APPENDIX A 
DETECTOR CALIBRATION 
Although the specific efficiencies of individual 
detectors were not important· for the purposes of this study 
the relative efficiency of different detectors was. Thus 
some form of detector calibration was necessary. 
True point sources of Niobium-92m were not available 
for the calibration measurements. It was also desirable that 
each detector was calibrated over a wide energy range for 
future possible usage. For these reasons each detector was 
calibrated over the energy range 60 to 1408 keV using 
various point sources. The efficiency of each detector at 
934 keV was then found by interpolation. 
A.l Experimental Equipment 
Although it was intended that only three of the four 
detectors purchased would be used for the study all four of 
the detectors were calibrated. This would allow their future 
use in the department and also permit the fourth detector to 
be used during the study if required (see Table A.l). 
An optical bench was used for all of the measurements 
(see Figure A.l). A V-shaped holder produced for the purpose 
was mounted on to the bench and used to hold the detector 
with it's longitudinal axis directly above, and parallel to 
that of the optical bench. This equipment also ensured that 
the detectors were kept at a fixed height. 
A holder marked with a millimetre grid was used to hold 
the radioactive point source being used for the 
measurements. The grid allowed the accurate placing of the 
source on the detector longitudinal axis. The centre point 
of the source was positioned so that it was 50 em from the 
detector entrance window. 
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A.2 Experimental Procedure and Results 
Each detector in turn was connected via a Harshaw 
amplifier to a Nuclear Data 9900 (micro-vax based) computer 
system. The acquisition system was configured for routine 
in-vivo measurements with 1024 channels set at 2 keV per 
channel. Before each measurement a sodium-22 source was used 
to adjust the detector gain, as practised before subject 
measurements (see section 4.4.1). 
Count durations (live time) were selected to attempt to 
keep the errors due to counting statistics below 2%, 
although in practice this was not achieved for every gamma 
emission. All of the counts were also repeated over several 
days to further reduce systematic errors and allow for 
variations in equipment performance due to environmental 
factors such as temperature. 
The same method of spectral analysis was used for 
analysing these results as was to be used for analysing the 
subject spectra (see section 4. 4.1). Photopeak analysis 
regions appropriate to each photopeak energy were selected 
and the same analysis regions were used throughout all of 
the measurements (see Table A.2). 
The net count (with background subtracted) was used to 
calculate the intrinsic efficiency of each detector using 
the equation 
c N· 4. n.l oo 
Intrinsic Efficiency= n % 
T.G.J..: 
Where eN is the net count, T is the count-time in seconds, G 
is the emission-rate of gamma-r.ays of the energy of interest 
and the source concerned, and Q is the solid angle subtended 
by the detector. 
G was calculated using the formula 
G =A .. E 
Where A is the activity of the source in becquerels and E is 
the fraction of all disintegrations in which the photon of 
interest is emitted (the photon emission efficiency). 
The solid angle Q was calculated using the equation 
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Where d is the detector crystal-source distance (the SOcm 
from the detector entrance window to the source plus the 
0.24 em crystal-entrance window separation) and a is the 
radius of the detector crystal (1.91 em). The results of 
these calculations are given in Table A.3 and are shown in 
figures A.2 to A.S. 
To ease the identification of the efficiency of each 
detector at 934 keV curves were fitted to the calibration 
.data. A least-squares regression was used to fit polynomials 
of increasing order to the data. This was continued until no 
significant reduction in the difference between measured and 
fitted data was obtained by increasing the order of the 
polynomial. This process produced a good fit to the data and 
these fitted curves are also shown in figures A.2 to A.S. 
The equations fitted to the calibration data allowed 
the detector efficiencies at 934 keV to be calculated. ·The 
values obtained using this method are shown in Table A.4. 
Although Table A.4 would suggest that detectors 2,3, 
and 4 would be the best (in terms of highest efficiency) to 
use in the study, difficulties (in the form of an 
intermittent fault) were experienced with detector 4 during 
early measurements and the detector was sent for repair. 
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Table A.l 
Nai Detectors Used for Subject Measurements 
Detector No. Serial No. Preamplifier No. 
1 CY-065 2872335 
2 CY-066 2872329 
3 CY-064 2872314 
4 (spare) CY-0.6 7 2872327 
Table A.2 
The Radioactive Sources Used to Calibrate the Nai Detectors 
Radioactive Activity Emission Emission Analysis Region 
Isotope (kBq) Energy (ke V) Efficiency(%) Range (keY) 
Am-241 418 60 35.7 20-62 
Eu-152 355 122 44.5 44 -135 
245 7.51 203-268 
344 26.6 296-390 
779 13.1 724-838 
964 15.1 906 -1007 
1408 20.9 1319- 1518 
Na-22 30 511 180 453 - 570 
Cs-137 35 662 89.8 593-730 
Co-60 322 1173 99.9 1105- 1251 
1332 ]()() 123R- 1412 
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Table A.3 
Intrinsic Efficiency Calibration of the Nai Detectors 
Energy Intrinsic Efficiency ( % ) 
(keV) Detector 1 Detector 2 Detector 3 Detector 4 
60 82.7 +I- 0.3 90.6 +!- 0.5 96.6 +I- 0.4 85.3 +/- 0.4 
122 72.7 +/- 0.5 80 +I- 1 85 +/- 1 79 +I- 1 
245 59 +I- 3 61 +I- 2 62 +I- 3 56 +/- 2 
334 48.1 +/- 0.8 52.7 +/- 0.6 52.9 +I- 0.8 
511 31.6 +I- 0.8 35.9 +I- 0.7 35.6 +I- 0.6 33.1 +I- 0.7 
662 23 +I- 1 25.0 +I- 0.7 24.0 +/- 0.8 23.2 +I- 0.8 
779 14 +/- 1 16 +I- 1 17 +/- 1 17 +/- 1 
964 8.7 +I- 0.8 11.5 +I- 0.7 12.1 +I- 0.9 13.1 +/- 0.9 
1173 8.7 +I- 0.4 11.6 +/- 0.4 11.4 +/- 0.4 11.3 +I- 0.4 
1332 8.4 +I- 0.3 10.9 +/- 0.3 11.0 +I- 0.3 10.5 +I- 0.3 
1408 8.2 +/- 0.4 10.5 +/- 0.3 10.7 +/- 0.6 10.5 +/- 0.4 
Table A.4 
Detector Intrinsic Efficiencies at 934 keV 
Detector Efficiency (%) 
1 9.2 
2 11.6 
3 12.3 
4 13.4 
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-Figure A.l: Equipment Arrangement Used for Detector 
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APPENDIX B 
VERIFICATION OF THE PROPERTIES OF AWE(A) PRODUCED 
POLYURETHANE LUNGS 
For some time AWE has had the knowledge and expertise 
to produce polyurethane lungs for use in the ｌｾｎｌ＠ phantom 
(11). When the procedure for producing these lungs was first 
､･ｶ･ｾｯｰ･､＠ a quality assurance exercise was carried out by 
the AEA Harwell to verify that the material had 
attenuation properties matching those of real lung tissue. 
Since then, however, the chemical constituents have been 
changed somewhat, due to certain of the chemicals becoming 
unavailable. Although the substitute chemicals appeared to 
have the same photon attenuation properties as the original 
materials it was decided that a further experimental 
investigation of the properties of the polyurethane lungs 
was necessary. 
In addition to an investigation of the properties of 
the LLNL lungs we also aimed to develop methods for the 
production of, and to carry out verification measurements 
on, polyurethane lungs for the JAERI phantom. 
B .1 Verification of the Attenuation Properties of AWE 
Produced Lungs for the LLNL Phantom 
The measurements of the attenuation coefficients of the 
lung material were devised to provide information about the 
uniformity of the polyurethane consistency. This was in 
addition to assessment of the overall properties. As well as 
this verification of the lung properties we also aimed to 
produce detailed instructions for the production of lungs 
for future use within the department. 
B.l.l The Production Process for Polyurethane Lungs 
The ingredients for production of polyurethane lungs 
are given in Table B.l. The two parts of the formulae (parts 
1 and 2) are weighed out separately and stored in separate 
tins until needed. The radioactive material, either 
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suspended in acetone or in dilute oxalic acid, is added to 
part 2. If dilute oxalic acid is used the water (see Table 
B.1) is omitted. 
The lungs are produced by adding part 1 of the formula 
to the relevant part 2 and mixing vigorously. The mixture is 
then added to the relevant mould and as soon as the foaming 
mixture reaches the bottom of the hole through which it was 
poured, a tightly fitting bung is forced into the hole and 
some pressure applied to keep it in place. The mould is then 
left for a few minutes for the reaction to finish and the 
lung to cool slightly (the reaction is exothermic) . The 
finished lung is then removed from the mould and any excess 
polyurethane (moulding flash) removed with a scalpel. 
Although every effort is made to ensure a uniform 
consistency of the lung material it was thought that the 
foaming process might lead to a density gradient from the 
bottom of the mould to the entrance hole. It was also felt 
that a dense "skin" may have formed on the lungs due to the 
pressure built up by the foaming process. The following 
measurements were carried out: 
1) to measure the attenuation coefficient of the lung 
material throughout the volume of both lungs, and 
2) to examine the uniformity of the lung material. 
B.1.2 Measurement of the linear attenuation coefficient of 
the polyurethane lung material. 
These measurements were to serve two purposes. The 
first was to ensure that the lung material had attenuation 
coefficients, at both 17.2 and 59.5 keV similar to that of 
real lung material and the second was to ensure that the 
lung material was of a uniform consistency. 
Measurements were also carried out on lungs produced by 
two different members of staff who were both experienced in 
the production of polyurethane lungs. Both of these 
"operators" had developed their own slight vari,ations in the 
production method. It was hoped that by comparing their 
techniques and final results that operator dependent 
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variations in lung quality could be highlighted and the best 
production methods identified. 
Ten lungs were produced, in five pairs. These were:-
(1) A pair of standard "blank" lungs (recipe given in 
Table B.1) produced by "operator" 1. 
(2) A pair of standard blank lungs produced by operator 2. 
( 3) A pair of standard blank lungs produced using the 
improved production techniques discovered using the above 
exercise. 
(4) A pair of lungs made with oxalic acid added instead of 
water, in order to simulate radioactive lungs. 
( 5) A pair of lungs made with acetone added as well as 
water, in order to simulate radioactive lungs. 
Each lung was cut horizontally into six layers, each of 
a different thickness, varying from 1.5 em to 4.5 em. An 
accurate cutting bench was used to try and ensure that each 
layer was of uniform thickness across its cross-section. The 
nomenclature of these samples is shown in Figure B.1. 
Three measurement areas were chosen over the area of 
each layer and these were marked onto the upper cut surface 
(see Figure B.2). Each of these measurement areas was 2 em 
in diameter. The thickness of the sample in each of the 
measurement areas was assessed using vernier callipers. 
Every effort was made not to depress either surface of the 
layer during these measurements. Five separate measurements 
of the layer thickness were made in each of the measurement 
areas. The arithmetic average of the results of these five 
measurements was used to calculate the linear 
attenuation coefficient for a particular measurement region. 
An optical bench was used to hold the samples, 
detector, source and collimators during the attenuation 
measurements (see Figure B. 3). A 418 kBq Americium-241 
source was placed in position inside the lead holder and the 
equipment was arranged so that the hole in the side of this· 
holder, the hole in the centre of the collimator and the 
germanium detector used for the measurements were co-axial. 
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The germanium detector used for the attenuation 
measurements was one of the low-energy coaxial detectors 
purchased for the proposed new in-vivo monitoring system. A 
spectrum was acquired on a multi-channel analyser (MCA) 
without a lung sample in position and then three spectra 
were obtained with each of the three measurement positions, 
in turn, in the X-ray/Y-ray path. 
Once spectra had been obtained for each of the 
measurement positions and without the lung in position the 
summed counts in two spectral analysis regions, 
corresponding to the 17.2 keV X-ray and the 59.5 keV Y-ray 
photopeaks were ascertained for each spectrum. Although 
there are actually several X-ray emissions around 17.2 keV 
the counts in each of these photopeaks were summed and 
treated as a single emission at the average energy (17.2 
keV). 
The background count in each analysis region was also 
calculated by considering the counts occurring in channels 
on either side of the photopeak. The net counts (summed 
count in analysis region minus the predicted background 
count in this region) obtained with and without the sample 
in position were used to calculate the linear attenuation 
coefficient ＨｾＩ＠ at ･｡ｾｨ＠ measurement point using the equation 
ｾ＠ = ＭｾｬｮＨ｟Ａ｟ｊ＠
t 10 
where t is the average thickness of the sample, I is the 
attenuated count rate and 10 is the un-attenuated count 
rate. 
'The results of the first two sets of measurements on 
blank lungs produced by operators 1 and 2 showed various 
signs of non-uniformity but the observations made on these 
lungs .were used to compare the relative merits of the 
production methods of the two experimenters. By this method 
we were able to identify the best techniques to employ and a 
step-by-step guide to lung production was then produced by 
the author for future use by the AWE in-vivo monitor staff. 
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Two definite technique improvements were identified by 
this study. The first of these improvements was that the 
uniformity of the finished lung could be greatly improved by 
waiting until the foaming process had begun before adding 
the mixture to the moulds (this is easily detected by the 
heat given off by the exothermic reaction). The second 
discovery was that by mixing all the ingredients in part 2 
thoroughly before adding the C2Cl3F 3 ( 113) then a better 
calcium carbonate distribution throughout the lungs was 
obtained than if the C2Cl3F 3 (113) was added before mixing. 
(This also minimises loss of the C2Cl 3F 3 (113) due to 
evaporation). 
These preliminary measurements also demonstrated that 
deficiencies in the attenuation properties and 
non-uniformities in the phantom lungs could be identified 
using the simple techniques adopted. 
The results of the attenuation coefficient measurements 
made on the blank lungs produced using the improved 
production techniques are shown in Table B.2. The results of 
the measurements on the lungs made with oxalic acid and 
acetone are shown in tables B.3 and B.4 respectively. The 
figures quoted in these tables should be compared with the 
values of 0. 2894 cm- 1 for the 17.2 keV emissions and 0. 0533 
cm- 1 for the 59.5 keV emissions (see Appendix F). It can be 
seen from tables B.2 to B.4 that the improved production 
techniques produced lungs of much more uniform consistency 
throughout. The attenuation properties and material 
densities were in good agreement with those of real lung 
tissue and there was no obvious evidence of a concentration 
gradient in the material. 
B.2 Development of Recipes for the JAERI Phantom Lungs 
It was also necessary to develop formulae for the 
production of polyurethane lungs for use in the JAERI 
phantom. These lungs were of a significantly different 
volume to those from the LLNL phantom. Thus it was expected 
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that, although the chemical constituents would be the same, 
to produce lungs of the same density the quantities of 
material required would be different. 
The only practical method of developing appropriate 
formulae was to produce lungs using a given recipe and then 
to check the attenuation properties of the lungs produced. 
With reference to the results of these measurements the 
various ingredients could be adjusted accordingly and 
another set of lungs produced. As a starting point for this 
trial-and-error process the recipes for the LLNL lungs were 
scaled using the relative volumes of the LLNL and JAERI 
lungs concerned. 
The formulae developed by this method are shown in 
Table B. 5, and the properties of the lungs produced are 
shown in Table B.6. From Table B.6 it can be seen that lungs 
with good attenuation properties were produced. The formulae 
developed were used to produce further active lungs for use 
in this study. 
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Table B.1 
Ingredients Used for LLNL Lung Production 
t 
Chemicals Left Lung Right Lung 
Part 1 
Supra sec Vm30* 185.1 g 238.0 g 
Part 2 
Daltocel C994 ( DPC9 94) * 350.0 . g 450.0 g 
C2Cl3F3 ( 113) 56.0 g 72.0 g 
Calcium Carbonate 17.5 g 22.5 g 
Water 5 drops 7 drops 
Acetone 1.0 ml 2.0 ml 
(with radionuclide) 
or 
0.1M Oxalic Acid 0.5 ml 1. 0 ml· 
* Product of ICI Chemicals PLC 
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TABLEB.2 
Attenuation Coefficient (in cm-1) Measurements of Blank LLNL Phantom Lungs (Errors Quoted are at the 95% Confidence Level) 
Left Lung Right Lung 
Slice 1 Slice2 Slice3 Slice4 Average Slice 1 Slice 2 Slice3 Slice4 
17.2keV 
Position 1 0.29 +/-0.02 0.30 + /- 0.01 0.27 +/- 0.01 0.30 + 1- 0.02 0.29 +/-0.01 0.29 +I- 0.01 0.30 + 1- 0.02 0.28 + 1- 0.01 0.30 + /- 0.03 
Position 2 0.31 + /- 0.02 0.27 + /- 0.02 0.27 + 1- 0.01 0.29 + 1- 0.01 0.29 + /- 0.01 0.31 + 1- 0.02 0.28 + 1- 0.02 0.30 + 1- 0.01 0.30 + 1- 0.02 
Position3 0.28 + 1- 0.03 0.31 + /- 0.02 0.29 + 1- 0.02 0.30 + 1- 0.02 0.30 + /- 0.01 0.27 + 1- 0.01 0.31 + 1- 0.02 0.28 + 1- 0.01 0.31 + 1- 0.02 
Average 0.29 + 1- 0.02 0.29 + 1- 0.01 0.28 + /- 0.01 0.30 + /- 0.01 0.29 + 1- 0.01 0.29 + 1- 0.01 0.29 + /- 0.01 0.30 + /- 0.01 
595keV 
Position 1 0.046 + 1- 0.009 0.051 + /- 0.007 0.059 + /- 0.005 0.057 + 1- 0.004 0.053 +/-0.003 0.048 + 1- 0.009 0.054 + 1- 0.005 0.057 +I- 0.005 0.056 + 1- 0.006 
Position2 0.053 + 1-0.009 0.061 + 1- 0.008 0.056 +/-0.004 0.047 + 1- 0.006 0.054 +I- 0.003 0.058 + 1- 0.009 0.050 + 1- 0.006 0.054 + 1- 0.005 0.051 + 1- 0.003 
Position3 0.06 + 1- 0.01 0.049 +I- 0.006 0.046 + 1- 0.007 0.054 + 1- 0.002 0.052 + 1- 0.003 0.054 + 1- 0.005 0.056 + 1- 0.005 0.050 +/-0.004 0.052 + 1- 0.004 
Average 0.053 + 1- 0.005 0.054 + /- 0.004 0.053 + 1- 0.003 0.052 + 1- 0.002 0.054 + 1- 0.005 0.053 + /- 0.004 0.054 + 1- 0.003 0.053 + 1- 0.003 
4 4 Overall Averages: 0.290 +I- 0.005 em at 17.2 keV and 0.053 +/- 0.002cm at 595 keV 0.294 +/-0.005cm·1 at 17.2keV and 0.053 +/-0.002cm-1 at 595keV 
Density : 0.30 + /- 0.03 gem -3 0.026 + /- 0.02 gem 
-3 
Average 
0.29 + 1- 0.01 
0.30 + /- 0.02 
0.29 + /- 0.01 
0.054 + /- 0.003 
0.053 + /- 0.003 
0.053 +/- 0.002 
1:\.) 
1:\.) 
w 
TABLEB.3 
Attenuation Coefficient (in crn-1) Measurements ofLLl\l""L Phantom Lungs with Oxalic Acid Added(Errors Quoted are at the 95% Confidence Level) 
Left Lung Right Lung 
Slicel Slice2 Slice3 Slice4 Average Slice 1 Slice2 Slice3 Slice4 
17.2keV 
Position 1 0.28 + 1- 0.03 0.28 + 1- 0.02 0.30 + /- 0.04 0.31 + 1- 0.01 0.29 +/-0.01 0.26 + /- 0.03 0.32 + 1- 0.03 0.31 + /- 0.01 0.29 + /- 0.01 
Position2 029 +/-0.03 0.27 + 1- 0.02 0.26 + /- 0.02 0.29 + 1- 0.02 0.28 + 1- 0.01 0.30 + /- 0.03 0.27 +I- O.Ql 0.31 + /- 0.02 0.30 +/-0.02 
Position 3 0.29 + /- 0.02 0.30 +/- 0.02 0.27 +/-0.02 0.31 + /- 0.03 0.29 + /- 0.01 0.30 + 1- 0.02 0.31 + 1- 0.02 0.28 + /- 0.02 0.27 + 1- 0.02 
Average 0.29 + 1- 0.02 0.29 + 1- 0.02 0.28 + /- 0.01 0.30 + 1- 0.01 0.29 +/-0.02 0.30 + /- 0.01 0.30 + /- 0.01 0.29 + /- 0.01 
59.5keV 
Position 1 0.059 + 1- 0.004 0.050 + 1-0.006 0.048 + 1- 0.004 0.055 +/-0.004 0.053 + /- 0.003 0.050 + 1- 0.009 0.048 + /- 0.006 0.056 + 1- 0.006 0.058 +/-0.006 
Position2 0.047 +/- 0.008 0.054 + /-0.006 0.052 +I· 0.002 0.059 + 1- 0.006 0.053 + 1- 0.003 0.046 + 1-0.009 0.059 + 1- 0.006 0.051 + 1- 0.004 0.052 + 1- 0.004 
Position 3 0.051 +I- 0.009 0.054 + 1- 0.008 0.057 + 1- 0.005 0.044 + 1- 0.005 0.052 + 1- 0.003 0.059 + /- 0.004 0.052 + 1- 0.006 0.053 + 1- 0.005 0.045 + /- 0.009 
Average 0.052 +/-0.004 0.053 + /- 0.004 0.052 + /- 0.002 0.053 + 1- 0.003 0.052 + /- 0.005 0.053 +/-0.004 0.053 + /- 0.003 0.051 +/- 0.004 
Overall Averages: 0.288 + 1- 0.006 em -1 at 17.2 ke V and 0.053 + /- 0.002 em -1 at 59.5 keY 0.293 +/-0.006cm-l at 17.2keV and 0.052 +/-0.002cm-l at 59.5keV 
Density : 0.28 + /- 0.03 gem -3 0.27 + /- 0.02 gem 
-3 
- ｾ Ｍ - - --
Average 
0.29 + 1- 0.01 
0.29 + 1- 0.01 
0.29 + /- 0.01 
0.053 + 1- 0.003 
I 
0.052 + 1- 0.003 
0.052 + 1- 0.003 
·-- -- -- -- --- -- ﾷ ｾ ＭＭ , __ .. _- ｾ＠ . ｾ ＭＭ
l'V 
l'V 
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TABLEB.4 
Attenuation Coefficient (in em -l) Measurements of LLN"L Phantom Lungs with Acetone Added (Errors Quoted are at the 95% Confidence Level) 
Left Lung Right Lung 
Slice 1 Slice2 Slice3 Slice4 Average Slice1 
Slice2 Slice3 Slice4 
17.2keV 
Position 1 0.29 +I- 0.01 0.27 +/-0.02 0.31 + 1- 0.03 0.30 +/- 0.02 0.29 + 1- 0.01 0.31 + /- 0.02 0.28 + 1- 0.02 
0.26 + 1- 0.03 0.29 + 1- 0.03 
Position2 0.28 +I- 0.02 0.31 + /- 0.02 0.26 + /- 0.01 0.28 +I- 0.02 0.28 + /- 0.01 0.29 + 1- 0.02 0.29 + 1- 0.02 0.31 + 1- 0.03 0.30 +I- 0.02 
Position3 0.30 + 1- 0.03 0.30 + 1- 0.01 0.30 +/-0.01 0.28 + 1- 0.02 0.29 + 1- 0.01 0.28 + 1- 0.03 0.31 + 1- 0.02 
0.27 + 1- 0.01 0.29 +I- 0.02 
Average 0.29 + 1- 0.01 0.29 + /- 0.01 0.29 +/-0.01 0.29 +I- 0.01 0.30 + 1- 0.01 0.29 + 1- 0.01 0.28 + 1- 0.02 0.29 + 1- 0.01 
59.5keV 
Position 1 0.049 + 1- 0.008 0.061 +/-0.008 0.052 + 1- 0.004 0.054 + 1- 0.005 0.054 + 1- 0.003 0.044 + 1- 0.009 0.053 + 1- 0.005 0.056 + 1- 0.006 
0.055 +/-0.004 
Position2 {}.055 + 1- 0.008 0.054 + /- 0.006 0.057 + 1- 0.004 0.049 + 1- 0.007 0.054 + 1- 0.003 0.052 + 1- 0.003 0.055 + 1- 0.004 0.054 + 1- 0.005 
0.055 +I- 0.006 
Position3 0.055 + 1- 0.006 0.045 + 1- 0.006 0.052 + /- 0.005 0.058 +/- 0.004 0.053 + 1- 0.003 0.063 +/- 0.009 0.054 + 1- 0.005 0.049 + 1- 0.007 
0.048 +I- 0.009 
Average 0.053 + 1- 0.004 0.053 + 1- 0.004 0.054 + 1- 0.003 0.053 +/- 0.003 0.053 +/- 0.004 0.054 + 1- 0.003 
0.053 + 1- 0.004 0.052 + 1- 0.004 
ｾ＠ ｾ＠Overall Averages: 0.290 +I- 0.005 em at 17.2 keV and 0.053 +I- 0.002 em at 59.5 keV 0.291 +/- 0.006 crn-
1 at 17.2 keV and 0.053 +I- 0.002 crn-1 at 59.5 keV 
Density : 0.28 + /- 0.03 g ern 
-3 0.25 + 1- 0.02 gem -3 
Average 
0.29 + /- 0.01 
0.30 +/- 0.01 
0.29 + 1- 0.01 
0.052 + 1- 0.003 
0.054 + 1- 0.002 
0.053 + 1- 0.004 
-------------------------------------------------------------------------· -----
Table B.S 
Ingredients Used for JAERI Lung Production 
Chemicals Left Lung Right Lung 
Part 1 
Supra sec Vm30 178.0 g 226.0 g 
Part 2 
Daltocel C994 (DPC994) 337.0 g 427.0 g 
C2Cl3F 3 ( 113) 47.2 g 49.0 g 
Calcium Carbonate 15.3 g 19.3 g 
Water 5 drops 7 drops 
or 
0.1M Oxalic Acid 0.5 ml 1.0 ml 
(with radionuclide) 
--
* Product of ICI Chemicals PLC 
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TABLEB.6 
Attenuation Coefficient (in em -l) Measurements of JAERI Phantom Lungs with Oxalic Acid Added (Errors Quoted are at the 95% Confidence Level) 
Left Lung Right Lung 
Slice 1 Slice2 Slice3 Slice4 Average Slice 1 Slice2 Slice3 Slice4 
17.2keV 
Position 1 0.26 + /- 0.03 033 +/-0.03 0.31 + /- 0.02 0.25 + /- 0.03 0.29 + 1- 0.01 0.30 + 1- 0.02 0.25 + /- 0.03 0.26 + /- 0.03 030 +/-0.03 
Position2 0.32 + /- 0.02 031 +/-0.02 030 +/-0.02 0.29 + /- 0.02 030 +/-0.01 0.26 +I- 0.03 0.29 + /- 0.02 0.28 + 1- 0.03 032 +/-0.03 
Position 3 031 +/-0.03 0.27 + 1- 0.02 0.28 +I- 0.01 0.30 + 1- 0.02 0.29 + 1- 0.01 031 +/-0.03 0.28 + 1- 0.02 0.31 + /- 0.02 0.26 +I- 0.03 
Average 0.30 + 1- 0.01 030 +/-0.01 0.29 + 1- 0.01 0.28 +I- 0.01 0.29 +I- 0.01 0.28 + 1- 0.01 0.28 + /- 0.02 0.29 +I- 0.02 
59.5 keV 
Position 1 0.04 + 1- 0.01 0.054 +I- 0.004 0.054 + 1- 0.006 0.060 +I- 0.009 0.053 + /- 0.004 0.056 + /- 0.006 0.052 + 1- 0.004 0.049 + /- 0.005 0.057 + /- 0.004 
Position 2 0.057 + 1- 0.006 0.053 + 1- 0.004 0.052 + /-0.005 0.057 + 1- 0.007 0.055 + /- 0.003 0.050 + 1- 0.006 0.053 + 1- 0.004 0.050 + /- 0.006 0.053 + 1- 0.004 
Position3 0.060 + 1- 0.009 0.055 +I- 0.008 0.054 + /- 0.005 0.043 + 1- 0.009 0.053 + 1- 0.003 0.054 + /- 0.005 0.051 +I- 0.006 0.052 + 1- 0.005 0.047 +/- 0.008 
Average 0.053 + 1- 0.005 0.054 +I- 0.003 0.053 + /- 0.003 0.053 + 1- 0.005 0.053 + 1- 0.003 0.052 + 1- 0.003 0.051 + /- 0.003 0.052 +I- 0.003 
ｾ＠ ｾ＠Overall Averages: 0.293 + /- 0.005 em at 17.2 kc V and 0.054 + /- 0.002 em at 59.5 ke V 0.286 +/-0.006cm-1 at 17.2keV and 0.052 +/-0.002cm-l at 59.5keV 
Density : 0.28 + /- 0.02 gem -3 0.26 + /- 0.02 gem -3 
--- --
--
--
ｾ Ｍ
Average 
0.28 + /- 0.01 
0.29 + 1- 0.01 
0.29 + 1- 0.01 
j 
0.054 + /- 0.002 
0.052 + 1- 0.003 
0.051 + 1- 0.003 
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Figure B.l Nomenclature of the samples of polyurethane 
lungs cut for attenuation coefficient 
measurements. 
.:,: 
Figure B.2 Positions of the measurements of the attenuation 
coefficient of polyurethane lungs. 
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Figure B.3 Experimental equipment layout for the measurement of the attenuation coefficient of 
polyurethane lungs. 
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APPENDIX C 
OTHER CONSIDERATIONS FOR NEW DETECTOR SYSTEMS 
The introduction of the new Whole Body Monitor detector 
system allowed the review of the entire monitoring 
arrangements. The new detectors required the design of new 
mounting and liquid nitrogen filling systems. Whilst the 
technicalities of these systems were being considered, 
thought was also given to the subject position adopted 
during routine measurements. 
At AWE routine in-vivo measurements had always been 
carried out with the subject in a supine position. However, 
measurements by Palmer (50) of eleven female subjects who 
had inhaled small quanti ties of 92mNb found vastly improved 
detector counting efficiencies for subjects in a sitting 
position compared to the usual supine position. It was 
postulated that this increase in detection efficiency was 
partially caused by a decrease in the chest-wall thickness 
in the sitting position, although this could not fully 
explain the observed improvement. In addition, many of the 
routinely monitored work-force also found the supine 
monitoring position uncomfortable. This prompted us to 
consider monitoring subjects in a sitting position. 
One element which needs to be taken into account when 
considering changing monitoring arrangements is the 
consequent effect on the subject's chest-wall thickness 
(CWT). This parameter is particularly important because a 
small change can significantly alter the attenuation of low 
energy photons emitted by material deposited in the lungs. 
It was therefore decided to investigate whether a change in 
monitoring position would produce a change in CWT for both 
male and female subjects. 
C.l Subject Measurement 
Ultrasonic measurement of the CWT and composition 
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were made for 50 male and 50 female subjects using a 
Shimadzu B-mode linear scanner equipped with a 5 MHz 
transducer. 
The subjects were chosen to cover the range of CWTs 
displayed by personnel routinely measured in the whole body 
monitor (see Figure 3.2). 
Two sets of ultrasonic measurements were performed with 
each subject in:-
a) the usual supine position, and 
b) a seated position (figure C.1). 
For both of these sets of measurements the transducer 
positions and measurement procedures used for routine 
measurements were adopted (see section 4.1). The clavicle 
and the sternum provided suitable reference points for the 
positioning of the transducer to ensure that corresponding 
measurements were made in the same inter-costal spaces. 
The two sets of measurements were performed immediately 
after each other and by the same operator to minimise 
systematic errors. 
ｃｾＱＮＱ＠ Upper and Lower Chest-Wall Thicknesses 
The observations of previous studies (see section 1.1) 
that, for larger particles, the distribution of an inhaled 
radionuclide in the human lung can display a concentration 
gradient of up to 13:1 between the apex and the base of the 
lung prompted us to consider the upper and lower regions of 
the chest-wall separately. 
For the purposes of this study the chest measurements 
were divided into two sections (figure C.2). These have been 
labelled upper chest (above the broken line shown on figure 
C.2) and lower chest (below the broken line). Average values 
of CWT were calculated for both the upper and lower regions, 
as well as the total area using the formula, 
1 n 
CWT = -L,xi 
n i=l 
where n is the number of measurements of total chest-wall 
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thickness A similar analysis method ｷｾｳ＠ used to 
calculate corresponding arithmetic average subcutaneous fat 
thickness. 
On female subjects the mammary (breast) tissue is also 
visible separately on the ultrasound display (Figure 
C. 3 (b)). However, for the purposes of this study breast 
tissue has been included in the values of muscle thickness 
i.e. , muscle thickness is the total CWT minus adipose 
thickness. This is standard practice at the AWE whole body 
monitoring facility, since it has been shown that there is 
little, if any advantage in considering the tissues 
separately (51). 
Table C .1 lists the values of arithmetic average 
subcutaneous fat thickness and CWT obtained in both the 
seated and supine positions for the male subjects. 
Similarly, Table C. 2 shows the values obtained for the 
female subjects. 
The changes in average fat thickness versus supine CWT 
have been plotted for each of the measurement regions and 
a·re shown · in figures C. 4 to C. 6 for the males, whilst 
corresponding changes in average fat versus supine CWT for· 
the females are shown in figures C.7 to C.9. 
Similarly, the changes in average muscle thickness 
versus supine CWT are shown in figures C.lO to C.l2 for the 
males and figures C.l3 to C.lS for the females. 
Where appropriate the data have been fitted by a 
straight line, and the equation of the line given. The value 
"r" quoted on the figures is the correlation coefficient and 
indicates the quality of the fit (values closer to one 
indicating a better fit than those close to zero). 
C.2 Analysis of Ultrasonic Measurements 
In order to assess the effect monitoring subjects in a 
seated position would have on the in-vivo measurement of 
241Am, the change in attenuation of the 60 keV r-rays caused 
by the change in subject position was calculated using the 
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formula 
ｷｨ･ｲ･ ﾷ ｾｭ＠ and ｾｦＮ｡ｲ･＠ the linear attenuation coefficients for 
muscle and fat r .espectively (52) 1 and tm and tr are the 
thicknesses of muscle and fat measured. U refers to 
measurements taken in the seated position, whilst S refers 
to measurements made with the subject supine. 
Figures C.16 to C.18 show the change in attenuation for 
the total, upper and lower regions of the chest for the male 
subjects and figures C.19 to C.21 give the results for the 
female subjects. Table C.3 shows the percentage change in 
attenuation in each region for all 100 subjects and table 
C. 4 shows the distribution of the change in attenuation 
amongst the 100 subjects. 
C.3 Discussion of Results 
C.l.1 Results for Male Subjects 
Figures C.4 to C.6 show that, in the majority of cases, 
the subcutaneous fat thickness measured with the subject ｩｾ＠
a seated position is less than when the subject is supine. 
However, it can be seen from figures C.10 to C.12 that for 
many of the Subjects the mus9le thickness WOUld appear to be 
greater if the subject is seated, particularly for the lower 
regions of the chest. Despite this, when considering average 
values (table c ·.1), ·an overall reduction in CWT for both the 
total and upper regions of the chest can be observed for the 
seated positions compared to the supine positions. 
Practical experience suggests that this reduction in 
chest-wall thickness in the seated position is caused by the 
soft tissue "falling away" from the measurement area. Thus, 
since no tissue compression occurs, the reductions in 
chest-wall thickness will lead to a reduction in attenuation 
within the chest wall. 
This leads to a reduction in _the . a ｴｴｾ ｟ ｮＭｱｾＺｴ［Ｎｩｰｮ Ｎ＠ of the 6 0 
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kev· r -ray emitted by 241Am in the lung (table. C • 3) Of 1 On 
average, 1.3% and 4.6% for the total and upper regions of 
the chest respectively (table C.4). 
C.3.2 Results for Female Subjects 
Figure C.7 shows that, for each subject studied, the 
thickness of fat in the total measurement area for the 
seated position was less than, or the same as, that for the 
supine position. Some subjects did however show increases in 
fat thicknesses in the upper and lower regions of the chest, 
when these were considered ' separately (figures C.8 and C.9). 
It can be seen from figures C .13 and C .14 that the 
muscle thickness, in both the total, and the upper region of 
the chest, was reduced, or remained unchanged by measuring 
subjects in a seated position. In the lower region of the 
chest, however, three subjects were found to have a slightly 
increased muscle thickness when seated (figure C.15). 
When considering average values (table C.2), an overall 
reduction in fat thickness and CWT can be observed for both 
the upper and lower regions of the chest when changing ｦｲｯｾ＠
a supine pbsition to a seated position. 
The changes in fat and CWT, in both the total and upper· 
regions of the chest, led to reductions in the predicted 
attenuation of 60 keV Y-rays for all of the subjects. For 
the upper region of the chest only one subject displayed a 
small increase in attenuation of 0. 7%. On average the 
predicted reduction in attenuation was 15.3%, 16.85% and 
13.1% for the total, upper and lower regions of the chest 
respectively (table ｃＮｾＩＮ＠
C.4 Conclusions 
The results of this study indicate that for subjects of 
a large chest build, and for female subjects, the total CWT 
of a subject in a seated position may be considerably less 
than that in the supine position. This decrease in CWT 
produces a corresponding decrease in the attenuation of the 
60 keV Y-rays from 241Am. For male subjects of a smaller 
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chest build however, increases in the CWT were found for the 
total chest area when the subject was seated. 
When considering the upper and the lower regions of the 
chest separately, distinct differences can be seen. For the 
lower region, an average increase in CWT of approximately 
1 mm was observed for male subjects when changing from a 
supine to a seated position. By comparison, an average 
decrease in CWT of approximately 5.5 mm was observed for the 
females. 
For the upper region, on average a decrease in CWT was 
observed for both male and female subjects when changing 
monitoring position. This average decrease was much larger 
for the females, being approximately 6mm compared to 2.5 mm 
for the males. This observation is obviously particularly 
important if the inhaled activity is deposited towards the 
apices of the lungs, as observed in previous studies (see 
section 1.1). 
. j 
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Tabie C.-1 
Arithmetic Average Values of Chest Wall Fat (CWFl 
and Total Chest Wall Thickness (CWTl for the Male Subjects 
Parameter Mean Minimum Maximum 
Total chest 
Average supine CWF (mm) 13.5 4 38 
Average seated CWF (mm) 11.9 5 32 
Average supine CWT (mm) 39.2 20 70 
Average seated CWT (mm) 37.9 22 62 
UJ2J2er chest 
Average supine CWF (mm) 12.3 3 35 
Average seated CWF (mm) 10.5 4 28 
Average supine CWT (mm) 39.5 21 70 
Average seated CWT (mm) 37.0 22 60 
Lower chest 
Average supine CWF ＨｾＩ＠ 15.5 6 42 
Average seated CWF (mm) 14.3 5 37 
Average supine CWT (mm) 38.6 18. 71 
Average seated CWT (nun) 39.4 20 67 
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Table C.2 
Arithmetic Average Values of Chest Wall Fat (CWF) 
and Total Chest Wall Thickness (CWT) for the Female Subjects 
Parameter Mean Minimum Maximum 
Total chest 
Average supine CWF (·mm) 12.2 7 27 
Average seated CWF (mm) 10.2 6 20 
Average supine CWT (mm) 35.7 22 68 
Average seated CWT (mm) 29.8 20 49 
UJ2)2er chest 
Average supine CWF (mm) 12.1 7 26 
Average seated CWF (mm) 9.7 5 19 
Average supine CWT (mm) 34.4 22 66 
Average seated CWT (mm) 28.2 20 48 
Lower chest 
Average supine CWF (mm} 12.5 7 29 
Average seated CWF (mm) 11.3 7 21 
Average supine CWT (mm) 37.9 21 73 
Average seated CWT (mm) 32.5 21 51 
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Table - C.3 
Percentage Change in Attenuation of 60 keV Photons 
for Supine and Seated Subiect Positions 
Maximum Maximum Average 
Position Increase Decrease Change (%) (%) (%) 
Male 
Total chest 15.0 16.2 
- 1.3* 
Upper chest 14.4 19.1 
- 4.6* 
Lower chest 30.0 9.6 4.7 
Female 
Total chest o.o . 31.7 
- 15.3* 
Upper chest o.o 33.3 
- 16.8* 
Lower chest 0.7 27.9 
- 13.1* 
*Negative values represent a decrease and 
positive values an increase in attenuation, 
·going from a supine to an upright subject 
position. 
Table C.4 
Distribution of the Change in Attenuation of 
60 keV Photons 
Increase Decrease 
Position (No. of (No. of No 
Subjects) Subjects) Change 
Male 
Total chest 17 32 1 
Upper chest 10 38 2 
Lower chest 35 14 1 
Female 
Total chest 0 so 0 
Upper chest 0 so 0 
Lower chest 1 47 2 
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Figure C.l: Supine and Seated Subject Measurement Positions 
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Figure C.2: The Division of Measurements into "Upper" and 
"Lower" Values 
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APPENDIX D 
COMPUTER PROGRAM LISTINGS 
The following pages give listings of all of the 
mathematical models of the lungs developed for this study. 
Also included are flow diagrams for each of the programs. 
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ln 
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c ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
c MIS DElECTABLE ACTIVITY CALCULATION 
c ----- ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ＠
c 
C Program to calculate the count rate from a lung of 9 em width, by 18 em high by 17 em deep. Looks at a 
C detector positioned at DEIX1,DEIY1. 
c 
c ---------------------------------------------------------------------------
c Dimension arrays and set up double precision variables. 
c ------------------------------------------------------------------------------------------------------ . 
·REAL *8 ANGLE1,ANGLE2,XDEI'(70),YDEI'(70),VR1,VR2,VR3,E,F,OMEGA(2) 
REAL *8 D(SO),INTCOU,VOLUME,COUNf,B,C,1EMP,OVERLAP 
REAL "'8 CHESIW ALL,IPD,LUNGCONC,LUNGVOL,LUNGDEP,LUNGWID 
REAL"'8 LUNGHEI,DLTADEP,DLTAWID,DLTAHEI,DECAYCONST 
REAL *8 PI,PlANEDEP,DEPLIM,WIDLIM,HEILIM,RADLIM 
REAL *8 IMAGERAD,XLUNG,YLUNG,DISPAXIS,GRAD(SO),TEST,DETEFF,DLTAVOL 
REAL*8 LENGTII,RADIUS,TIME,COUHRS,TOTALDEP 
INfEGER*2 Z,TFSI'RAD 
CHARACI'ER*lO NUCLIDE 
c --------------------------------------------------------------------------------------------------------------------
c Set up data fields and detector position. 
c ----------------------------------------------------------------------------------------------
DATA CHESTW ALL,LUNGDEP,LUNGWID,LUNGHEI/3.0,17.0,9.0,18.0/ 
DATA LUNGVOL,DLTA WID,DLTADEP,DLTAHEI,N/5750.0,0.4,0.4,0.4,36/ 
DATA DEI'EFF,DEI'.Xl,DEIYl/10.0,45,9.0/ 
OPEN(UNIT=.3,BLE= 'MODEL2') 
c ＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
c Set up all variables. 
c ---------------------------------------------------------------------------------------------
NUCLIDE= 'NIOBIUM' 
IPD=40.0 
DECAYCONST = 0.06829036262 c ________________ ;. ________________________________________________________________________ _ 
C Set value of Pi and set summation variables to zero. 
c ----------------------------------------------------------------------------------------------------------------
PI= 3.1415927 
TIME=l.O 
LENGTil = 3.0 
RADIUS=0.2 
INICOU=O.O 
VOLUME=O.O 
c ---------------------------------------------------------------------------------------------------------------------
c Calculate activity concentration (Bq/cc) at the time of calculation. c _______________ _: ___________________________________________________________________________ _ 
LUNGCONC= IPD*EXP(-DECA YCONST*TIME)*10**3/LUNGVOL 
c ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
c Find the limits of integration over the lung volume and plane depth. 
c ---------------------------------------------------------------------·-----------------------------------
ｄｅｐｌｾ］ｃｈｅｓｮｗａｌｌＫｌｕｎｇｄｅｐ＠
WID LIM =LUNGWID 
HEILIM = LUNGHEI 
PLA!'\lEDEP= CHESIW ALL+ DLTADEP/2.0 
TOTALDEP=PLANEDEP+LENGTH 
DLTAVOL=DLTAWID*DLTAHEI*DLTADEP 
c -- -------------- -------
c Set limits of integration for the polygon. 
c ----------------------------------------
J = (N-2.0)/2.0 
K=N/2.0 
L=N/4.0 C-------------------------------------------. --
C Begin integration over different planes. 
c -------------------------------------------------------------------------------------------
SO CONTINUE 
RADLIM=2.0*RADIUS*(PLANEDEP + LENG1H/2.0)!LENG1H C--------------------------------------------------
C Fmd the limits of integration over the detector surface. 
c -----------------------------------------------------------------------------------
IMAGERAD=RADWS*TOTALDEP!PLANEDEP 
c ------------------------------------------------------------------------------
c Begin integration over the plane surface. 
c -----------------------------------------------------------------------
YLUNG = DLTAHEI/2.0 
55 CONTINUE 
XLUNG = DLTAWID/2.0 
60CONTINUE 
DISPAXIS=DSQRT((XLUNG-DEIX1)**.2+(YLUNG-DEI'Y1)**2) 
c ----------------------------------------------------------------------------
c Check whether small integral element is outside the integration region and if so go on to next element, if 
C not continue. 
c --------------------------------------------------------------------------------------
D0651=1,2 
OMEGA(I) = 0.0 
65CONTINUE 
COUNf=O.O 
c ------------------· ------------------------------------------------------1-----
c Check if element is inside collimator radius, so total area visible. 
c -------------------------------------------------· 
IF(D1SPAXIS.GT.RADIUS)GOTO 110 . 
c -------------------------------------------------------------------------------------
c Find solid angle. 
c ----------------------------------------· ----------------------------
c Calculate values of the gradient (GRAD) of the polygon side 
D0701=1,J 
1EMP = (N-4.0*1)*PI/(2.0*N) 
GRAD(I) = DTAN('IEMP) 
IF(TEMP.GT.(PI/2.0))GRAD(I) =-GRAD(!) 
70CONTINUE 
C Calculate values of XDEf and YDEf 
D080I=l,L 
1EMP = (2.0*1-l.O)*PI/N 
D(I) = RADIUS*(DCOS(TEMP)) 
YDEf(I) = RADIUS*(DSIN(TEMP)) 
XDEI'(I) = DISP AXIS-D(l) 
SO CONTINUE 
D090I=L+l,K 
TEMP= (2.0*1-l.O)*PI/N 
z = (N + 2.0)/2.0-1 
ｾ＠ .... , 
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YDEI'(I) = RADIUS*(DSIN(TEMP)) 
TEMP=-D(Z) 
XDEI'(I) = DISP AXIS-1EMP 
90CONTINUE 
C Calculate values forE and F and the solid angle OMEGA 
D01001=1,J 
VR1 = XDET(I + 1)**2 + YDEI'(I)**2-2.0*GRAD(I)*XDEf(I)*YDEI'(I) 
VR1 = VR1 + GRAD(I)**2*XDEf(I)**2 
VR2 =TOTALDEP**2 + GRAD(I)**2*XDET(I + 1)**2 
VR2 = VR2 + 2*GRAD(I)*XDEf(I + 1)*YDEI'(I)-2*GRAD(I)**2*XDET(I + 1)*XDEf(I) 
TEMP=GRAD(I)*(I'OTALDEP**2+XDEf(I+1)*XDET(I))-XDEf(I+1)*YDEf(I) 
VR3=TOTALDEP*(DSQRT(VR1 + VR2))fiEMP 
E= DATAN(VR3) 
IF(E.LT.O.O)E= E+ PI 
VRl=TOTALDEP*DSQRT(XDEf(I)**2+YDEf(I)**2+TOTALDEP**2) 
VR2 = GRAD(I)*(XDEf(l)**2 + TOTALDEP**2)-XDEf(I)*YDEI'(I) 
F= DATAN(VR1JVR2) 
IF(F.LT.O.O)F= F +PI 
OMEGA(1) = OMEGA(1) + 2.0*(E-F) 
100 CONTINUE 
C Calculate the count contribution from this element 
COUNI'= DLTAVOL *LUNGCONC*DEfEFF*OMEGA(l)/( 4.0*PI*100.0) 
INTCOU =INTCOU Ｋｃｏｕｾｔ＠
VOLUME=VOLUME+DLTAVOL 
GOT0160 
c -----------------------------------------------------------------------------------------------------
c Calculate solid angle omega if only part of detector surface visible. 
c ----------------·------------------------------------------------------
110 ｏｖｅｒｬａｐｾ＠ 2.0*RADIUS-LENGTII*(DISP AXIS-RADIUS)/PLANEDEP 
TEMP=2.0*(IMAGERAD +RADIUS-OVERLAP) 
IEMP= (OVERIAP**2-2.0*0VERLAP*RADIUS)/IEMP 
C=IMAGERAD +TEMP 
TEST= RADiUS+ IMAGERAD-C 
B = RADIUWVERLAP-TEMP 
IF(TEST.EQ.OVERLAP)B= 0.0 
TEMP= C/IMAGERAD 
ANGLE!= ｄｾｃｏｓＨａｂｓＨｔｅｍｐＩＩ＠
IF(fEMP.LT.O.O)ANGLEl =PI-ANGLE! 
TEMP= BJRADIUS 
Al"lGLE2 = DACOS(ABS(TEMP)) 
IF(IEMP.LT.O.O)ANGLE2 = PI-ANGLE2 
M=N-1 .· . c ___________ _. ____________________________________________________________________________ _ 
C Calculate contribution bound by projected image perimeter. 
c ---------...!--------------------------------------------------------------------------------------
c Calculate ｶ｡ｬｵｾ＠ of the gradient (GRAD) of the polygon side 
DO 120I=1,J 
TEMP= (M*PI-4.0*1* ANGLE1)/(2.0*M) 
GRAD(I)=DTAN(IEMP) . 
IF(fEMP.GT.(PI/2.0))GRAD(I) = -GRAD(I) 
120 CONfiNUE 
C Calculate values of XDET and YDET 
D0125I=l,K 
TEMP= (2.0*1-1.0)* At'\l'GLEl/M 
YDET(I) = IMAGERAD*DSIN(I'EMP) 
D(l) = (IMAGERAD*DCOS(I'EMP)) 
XDET(I) = DISP AXIS-D(I) +(IMAGERAD +RADIUS-OVERLAP) 
125 CONTINUE 
C Calculate values forE and F and the solid ange OMEGA 
D0130I=1,J 
VR1 = XDEI'(I + 1)**2 + YDET(I)**2-2*GRAD(I)*XDET(I)*YDET(I) 
VR1 = VR1 + GRAD(I)* *2*XDET(I)**2 
VR2=TOTALDEP**2+GRAD(I)**2*XDET(I + 1)**2 . 
VR2= VR2 + 2*GRAD(I)*XDET(I + l)*YDET(I)-2*GRAD(I)**2*XDET(I + l)*XDET(I) 
TEMP= GRAD(I)*(I'OTALDEP**2 + XDET(I + l)*XDET(I))-XDET(I + l)*YDET(I) 
VR3=TOTALDEP*(DSQRT(VR1 + VR2))/IEMP 
E= DATAN(VR3) 
IF(E.LT.O.O)E= E+ PI 
VRl=TOTALDEP*DSQRT(XDET(I)**2+ YDET(I)**2+TOTALDEP**2) 
VR2 = GRAD(I)*(XDEf(I)**2+ TOTALDEP**2)-XDET(I)*YDET(I) 
F= DATAN(VR1NR2) 
IF(F.LT.O.O)F=F +PI 
OMEGA(1)=0MEGA(1)+2.0*(E-F) 
130 CONTINUE 
c ----------------------------------------------------------------------------------------------
c Calculate the contribution bound by the collimator perimeter. 
c -------------------------------------------------------------
c Calculate the value of the grdient (GRAD) of the polygon side 
DO 140 I=1,J 
1EMP = (M*PI-4.0*1* ANGLE2)/(2.0*M) 
GRAD(I) =DTAN(IEMP) 
IF(TEMP.GT.(PI/2.0))GRAD(I) =-GRAD (I) · 
140 CONTINUE 
C Calculate values of XDET and YDET 
DO 145I=1,K 
TEMP= (2.0*I-1.0)* ANGLE2/M 
YDET(I) = RADIUS*DSIN(TEMP) 
:0(1) = RADIUS*DCOS(I'EMP) 
XDET(I) =DISPAXIS.f. D(I) 
145 CONTINUE 
C Calculate values forE and F and the solid angle OMEGA 
DO 150 I=1,J 
VR1=XDET(I)**2+YDEI'(I+1)**2-2.0*GRAD(I)*XDET(I+1)*YDET(I+l) 
VR1 = VR1 + GRAD(I)**2*XDET(I + 1)**2 
VR2 = TOTALDEP**2 + GRAD(I)**2*XDET(I)**2 
VR2= VR2 + 2*GRAD(I)*XDET(I)*YDEI'(I + 1)-2*GRAD(I)**2*XDET(I)*XDET(I + 1) 
1EMP = GRAD(I)*(I'OTALDEP**2 + XDET(I)*XDET(I + 1))-XDET(I)*YDET(I + 1) 
VR3=TOTALDEP*(DSQRT(VR1 + VR2))/IEMP 
E=DATAN(VR3) 
IF(E.LT.O.O)E= E+ PI 
VR1=TOTALDEP*DSQRT(XDET(I+1)**2+YDET(I+1)**2+TOTALDEP**2) 
VR2 = GRAD(I)*(XDET(I + 1)**2 + TOTALDEP**2)-XDET(l + l)*YDET(I + 1) 
F= DATAN(VR1/VR2) 
IF(F.LT.O.O)F= F +PI 
OMEGA(2) = OMEGA(2) + 2.0*(E-F) 
150 CONTINUE 
OMEGA(l) = OMEGA(l) + OMEGA(2) 
C Calculate the count contribution from this element 
COUNT= DLTAVOL "LUNGCONC*DEIEFF*OMEGA(1)/(4.0*PI*100.0) 
INTCOU = INI'COU +COUNT 
VOLUME=VOLUME+DLTAVOL 
160 CONTINUE 
XLUNG=XLUNG+DLTAW1D 
IF(XLUNG.LE.W1DLIM)GOTO 60 
YLUNG= YLUNG+ DLTAHEI 
IF(YLUNG.LE.HEILIM)GOTO 55 
PLANEDEP=PLANEDEP+DLTADEP 
TOTALDEP=PLANEDEP+LENGTH 
IF(PIANEDEP.LE.DEPLIM)GOTO 50 
COUHRS = INI'COU*3600.00 
c ------------------------------------------------------------------------------------------------------
c Print out results. 
c --------------------------------------------------------------------------------------------------------------
WRI1E(3,170)CHESIWALL,LUNGDEP 
170 FORMAT(' RESULTS USING A LUNG-SURFACE DEPTII OF ',F3.1, 
/'AND LUNG THICKNESS OF ',F4.1,' CM.') . 
WRITE(3,180)LENGTH,RADIUS 
180 FORMAT(' FOR COLLIMATOR LENGTH = ',F4.1,' CM, AND RADIUS = ',F9.7 
/,'CM.') 
WRITE(3,190)RADLIM 
ｴｾＮ＾＠ 190 FORMAT(' THE MAXIMUM RADIUS OF LUNG SEEN = ',F4.1,' CM.') 
l11 WRITE(3,200)DLTA W1D,VOLUME 
l11 200 FORMAT(' USING A MATRIX OF ',F4.2,' CM THE VOLUME OF LUNG SEEN = ' 
I:F6.1,' CM.') 
WRITE(3,210)1PD,NUCLIDE 
210 FORMAT(' W11H AN INIT1ALDEPOSIT OF ',F4.1,' KBQ OF ',AlO) 
ｗｒｉｔｅＨＳＬＲＲＰＩｾｅＬｃｏｕｈｒｓ＠
220 FORMAT(' AFIER ',F4.0,' DAYS ',E15.6, 
/'COUNTS PER HOUR W1LL BE DEfECTED.',//) 
ｅｾＢｄ＠
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c ----------------------------------------------------------------
c MIS DETECTABLE ACTIVITY CALCULATION 
c ------------------------------------------------------------------· 
c 
C Program to calculate the count rate from a poly-elliptical LLNL phantom right lung, 17 em high with a 
C wedge beginning at XINT, ZINT. Looks at a detector positioned at DEI'X, DEIY. The program calls 
C two subroutines which calculate the solid angle and the count contribution from each lung volume element. 
c 
c --------------------------------------------------------------------------------------------------
c Dimension arrays and set up double precision variables. 
c ----------------------------------------------------------------------------------
REAL *8 INTCOU,VOLUME,COUNf,CHESIW.AlL,DEPTH,RADLIM,LENGTII,RADIUS 
REAL *8 IMAGERAD,DISPAXIS,DLTAVOL,TO'IVOL,COUHRS,TOTALDEP,DEI'X,DEIY 
REAL *8 XMAX,ZMAX,BETA,Z,X,DLTA,LTLB,COB1,COB2,COB3,COB4,COB5 
REAL *8 COX1,COX2,COX3,COX4,COXS,COW1,COW2,COW3,COW4,COP1,COP2 
REAL *8 COP3,COP4,XZERO,ALPHA,Y,TEMP,RESULT,WEDGELIM,ZINT,XINT 
REAL *8 XPEAK,IPD,ZMIN 
INTEGER*4 ELLIPSE,TOTELL 
CHARACI'ER*lO NUCLIDE 
c ---------------------------------------------------------------------------------------------------------------
c Set up data fields and detector position. 
c ---------------------------------------------------------------------------------------
DATA CHESTW ALL,DLTA, YMAX,DET.X,DEIY/1.6,0.1,17.0,3.0,13.1/ 
DATA COB1,COB2,COB3/10.40116,0.03170777,0.01927115/ 
DATA COB4,COB5,COX1/0.001489554,0.0001358865,10.59722/ 
DATA COX2,COX3,COX4/0.3387093,0.08712949,0.008320245/ 
DATA CO:XS,COW1,COW2/0.0001723376,4.519262,0.02414274/ 
DATA COW3,COW4,COP1/0.007004939,0.003121371,0.4333251/ 
DATA COP2,COP3,COP4/0.1644638,0.003269162,0.000150366/ 
DATA IPD,BEIA;LENGTI!,RADIUS/40.0,11.7,4.0,0.7/ 
OPEN(UNIT=3,FILE='MODEL2') 
c -----------------------------------------------------------------------------------------------------
c Set up all variables. 
c ----------------------------------------------------------------------------------------
2CONTINUE 
l'I"UCLIDE= 'NIOBIUM' 
ELLIPSE=O -
TOTVOL=O.O 
VOLUME=O.O 
INTCOU=O.O 
DLTAVOL=DLTA"""3 
Y=DLTA/2.0 
TOlELL=YMAX/DLTA 
c -----------------------------------------------------------------------------------------------
<: Stait of integration loop. Start integration over Y. PLTA defines the mesh size for the integration. 
r: ----------------------------------------------------------------------------------·---------------------------------------
5 COl\lJlNUE 
C Send a message to the screen to give an indication of progress. 
ELLIPSE= ELLIPSE-+ 1 
WRITE(6,6)ELLIPSE,TOTELL 
6 FOR1\IAT(' Working on ellipse ',115,' out of ',115) 
C lise the polynomial equations to calculate the variable values for 
C this value ofY. 
X ZERO= COX1-COX2*Y +COX3*Y**2-COX4*Y**3+ COXS*Y"'*4 
L1LB = COB1-COB2*Y -COB3*Y**2 + COB4*Y"'*3-COB5*Y**4 
IF(Y .LE. 12.5)THEN 
ZINT=COW1-COW2*Y-COW3*Y**2+COW4*Y**3 
XPEAK=-COP1-COP2*Y-COP3*Y**2+COP4*Y**3 
TEMP= 1-(ZINT-BETA)**2/LTLB* *2 
XINT =ALPHA *(1-DSQRT(fEMP)) 
END IF 
C And from these calculate the other variables required. 
ZMAX=BETA +LTLB 
ZMIN = BETA-L1LB 
ALPHA= XZER0/2.0 
Z=ZMAX 
c ----------------------------------------------------------------------------
c Start integration over Z. 
c ---------------------------------------------------------------------------------------------------
10CONTINUE 
DEPTH= Z+CHFSIW ALL 
TOTALDEP=DEPTII+LENGTH 
X=ALPHA 
c -----------------------------------------------------------------------------------------------------
c Integration over X has been split into two parts (X <ALPHA and X> ALPHA) to make definition of the 
C integration limits easier. Start integration for X less than ALPHA. 
c ---------------------------;------------·----------------------------
15CONTINUE 
C RESULT is used to indicate whether the volume element is outside 
C the ellipse (RESULT> 1). 
RESULT= ((X-ALPHA)**2/ALPHA **2) + ((Z-BETA)* *2/LTLB**2) 
c -----------------------------------------------------
c The wedge is only present for y · = < 12.5 so only take it into account and integrate over it \'fhen this is true. 
c -------------------------'-----------------------------------------------------------------
IF(Y .LE. 125 .AND. X .LE. ALPHA)TIIEN -
c -----------------------------------------------------------------------------------c-
c Check whether the element is outside the integration limits. 
c ----------------------------------------------------------------------------
WEDGELIM = BETA-L1LB + ((BETA-LTLB-ZINI)*(X-XPEA.K.)/(XPEAK-XINI)) 
IF(RESULT .GT.1.AND. Z .GT. WEDGELil'vl)GOTO 20 
C Element outside ellipse and outside wedge; go on to next element 
ｅｾｅ＠ . 
IF(X .LT. 0.0 .OR RESULT .GT. 1)GOTO 20 
C No wedge and element outside ellipse; go on to next element. 
END IF 
c ------------------------------------------------------------------------------------------------------------------
c Fmd the limits of integration. 
c ----------------------------------------------------------------------------------
TOTVOL=TOTVOL+DLTAVOL 
C Limit of the area which can be seen by the detector. 
RADLIM = 2.0*RADIUS*(DEPTH + LENGTII/2.0)/LENGTH 
C Limits of integration over the detector surface 
IMAGERAD =RADIUS*TOTALDEP/DEPTH 
DISP AXIS= DSQRT((X-DET.X)**2 + (Y -DEIY)**2) 
c --------------------------------------------------------------------------------------------------------------
c Check whether small integral element is outside the detector field of view and if so go on to next element, 
C if not continue. 
c -----------------------------------------------------------------------------------------------
ﾷ ＭＭ Ｍ ＭＭ Ｍ ＭＭ ＭＭ ＭＭ ＭＭ ＭｾＭ Ｍ ＭＭＭＭＭＭＭＭＭＭＭＭ ----- ·- - -- ---- -·--- -- ---- -------- -
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IF(DISPAXIS.GT.RADLIM)GOTO 17 
c -----------------------------------------------·---
c Check if element is outside collimator radius and total area is not visible. H so call subroutine OMEGA2 
C OMEGA2, otherwise call subroutine OMEGAl. 
c -----------------------------------------------------------------------------------------------
IF(DISPAXIS.GT.RADIUS)THEN 
CALL OMEGA2(IPD,DEPTH,LENGTII,RADlliS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
ELSE 
CALL OMEGAl(IPD,RADIUS,DISPAXIS,TOTALDEP,COUNf,DLTA) 
END IF 
INTCOU = INTCOU +COUNT 
VOLUME=VOLUME+DLTAVOL 
17CONI1NUE 
X=X-DLTA 
GOT015 
20CONI1NUE 
c ＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
c Integrate over X greater than ALPHA. 
c ----------------------------------------------------------------------------------------------------------
X=ALPHA+DLTA 
25CONI1NUE 
RESULT=((X-ALPHA)**2/ALPHA**2)+((Z-BETA)**2/LTLB"'*2) 
t-.) IF(RESULT.GT.l.O)GOTO 30 
l11 DISPAXIS=DSQRT((X-DEIX)"'*2+(Y-DETY)**2) (X) c __________________________ .;.. ____________________________________________________________________________________________ _ 
C Check whether small integral element is outside the detector field of view and if so go on to next element, 
C if not continue. · c _____________ .:_ ________________________________________________________________________ _ 
T01VOL=TOTVOL+DLTAVOL 
IF(DISPAXIS.GT.RADLIM)GOTO 27 
c --------------------------------------------------------------------------------------------------------
c Check if element is outside collimator radius and total area is not visible. If so call subroutine OMEGA2, 
C otherwise call subroutine OMEGAl. 
c ----------------· ----------------------------------------------------------------------------
IF(DISP AXIS.Gr.RADIUS)THEN 
CALL OMEGA2{IPD,DEPTH,LENGTII,RADIUS,DISP AXIS,TOTALDEP,COUNT,DLTA) 
ELSE 
CALL OMEGAl(IPD,RADIUS,DISPAXIS,TOTALDEP,COUNI,DLTA) 
END IF 
li\ITCOU =INICOU +COUNT 
VOLUME=VOLUME+DLTAVOL 
27 ｃｏｾｔｩｬＧＭｉＧｕｅ＠
X=X+DLTA 
GOT025 
ＳＰｃｏｾＧＢｕｅ＠
Z=Z-DLTA 
IF(Z .GT. ZMI.I'<I')GOTO 10 
35 ｃｏｾｔｩｬ｜ＮＧｕｅ＠
Y=Y+DLTA 
IF(Y. LT. YMAX)GOTO 5 
COUHRS = I.I'<ITCOU*3600.0 
c -----------------------------------------------------------------------------------------------------------------------------------
c Print out results. 
c -------------------------------------------------------------------------------------------------------------------------
WRITE(3,100)CHESIWALL 
100 FORMAT(' RESULTS USING A LUNG-SURFACE DEPIH OF ',F3.1,' AND A', 
f DETECTORPOSIDONED') 
WRI'IE(3,110)DETX,DEIY,LENG1H,RADIUS 
110 FORMAT(' AT (',F4.1,',',F4.1,') AND wmiA COLLIMATOR LENG1H', 
f = ',F3.1,'cm,ANDRADIUS = ',F3.l,'cm') 
WRI'IE(3,120)DLTA 
120 FORMAT(' USING A INTEGRATION MESH OF ',F4.2,' em') 
WRITE(3,130)RADLIM,VOLUME 
130FORMAT('TIIEN1HEMAXli\1UMRADIUSOFLUNGSEENIS',F4.1,'AND', 
/F6.1,' cc OF LUNG IS VIEWED') 
WRITE(3,140)TOTVOL 
140 FORMAT(' OUT OF A TOTAL LUNG VOLUME OF ',F6.1,' cc') 
WRITE(3,150)IPD,NUCLIDE 
150 FORMAT(' FORAN INITIAL DEPOSIT OF ',F4.1,'KBQ OF ',A10) 
WRITE(3,160)COUHRS 
160 FORMAT(' ',E15.6,' COUNTS PER HOUR WILL BE DEIECI'ED' ,!() 
END 
ｾ＠ ﾷｾ＠
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c -----------------------------------------------------------
c MIS ｄｾｃｦａｂｌｅ＠ ACTIVITY CALCULATION 
c --------------------------------------------------------------· 
c 
C Program to calculate the count rate from a poly-elliptical LLNL phantom left lung, 17 em high with a 
C wedge peaking at XPEAK, ZMIN. Looks at a detector positioned at DETX, DEfY. The program calls 
C two subroutines which calculate the solid angle and the count ｾｯｮｴｲｩ｢ｵｴｩｯｮ＠ from each lung volume element. 
c 
c --------.------------------------------------------------------------------------------------
c Dimension arrays and set up double precision variables. 
c -------------------------------------------------------------------------------
REAL *8 INICOU,VOLUME,COUNT,CHESIW ALL,DEPTH,RADLIM,LENGTII,RADIUS 
REAL *8 IMAGERAD,DISPAXIS,DLTAVOL,TOTVOL,COUHRS,TOTALDEP,DETX,DEI'Y 
REAL *8 XMAX,ZMAX,BETA,Z,X,DLTA,LTI.B,COBl,COB2,COB3,COB4,COB5,COZ1 
REAL *8 COZ2,COZ3,COZA,COZS,COZ6,COX1,COX2,COX3,COX4,COW1 
REAL *8 COW2,COW3,COW4,COW5,COW6,COP1,COP2,COP3,COP4,COP5,COP6 
REAL *8 COI1,C012,COI3,COI4,COI5,COI6,RESULT,TEMP,Y,XZERO,ALPHA 
REAL *8 WDGELIMl,WDGELIM2,ZINTl,ZINf2,XINfl,XINI'2,XPEAK,IPD,ZMIN 
INIEGER*4 ELLIPSE,T01ELL 
CHARACTER*lO NUCLIDE 
c -----------------------------------------------------------------------------------------------------
c Set up data fields and detector position. 
c ------------------------------------------------------------------------------------
DATA CHESIW ALL,DLTA,DEIX,DETY,YMAX/1.6,0.4,-4.5,9.0,17.0/ 
DATA COB1,COB2,COB3,COB4/6.613404,1.228765,0.4167342,0.03605056/ 
DATA COB5,COX1,COX2/0.0008493051,8.20002,0.154169/ 
DATA COX3,COX4,COW1/0.02278667,0.002701371,7.654487/ 
DATA COW2,COW3,COW4/0.0231168,0.1815399,0.02006553/ 
DATA COW5,GQW6;tOP1/0.0008221437,0.00002217201,4.187167/ 
DATA COP2,COP3;COP4,COP5/3.217656,0.9522783,0.1356681,0.009053741/ 
DATA COP6,CQZ1,CO'Z2/0.0002296697,1.522451,0.05455771/ 
DATA COZ3,COZA,COZS/0.2137946,0.03062051,0.0017421351/ 
DATA COZ6,COll,COI2,COI3/0.0000315125,5.800781,2.397595,0.8461012/ 
DATA C014,COI5,COI6/0.09790456,0.004645569,0.00008772909/ 
DATA RADrUS,LENGTII,IPD,BETN0.7,4.0,40.0,11.7/ 
OPEN(UNIT=3,fll..E= 'MODEL2') c ______________ _;,_;. ___________________________________________________________________________________________ _ 
C Set up all variables.' c ___________ ..:._ __________________________________________________________________________ _ 
2 CONTii"nJE 
NUCLIDE="'·l'•UOBIUM' 
ELLIPSE=O 
T01VOL=O.O 
VOLUME=O.O 
Ii'ITCOU=O.O 
DLTAVOL= DLTA **3 
Y=DLTN2.0 
TOTELL= YMAX/DLTA 
c -----------------------------------------------------------------------------------------------------
c Start of integration loop. Start integration over Y. DLTA defines the mesh siZe for the integration. c _____________________ .; ______________________________________________________________________________________________ _ 
5CONTINUE 
C Send a message to the screen to give an indication of progress. 
ELLIPSE= ELLIPSE+ 1 . 
WRITE(6,6)ELLIPSE,TOTELL 
6 FORMAT(' Working on ellipse ',115,' out of' ,115) 
C Use the polynomial equations to calculate the variable values for this value ofY. 
XZERO = -COX1-COX2*Y -COX3*Y**2 + COX4*Y**3 
ALPHA= XZER0/2.0 
LTI.B=COB1-COB2*Y +COB3*Y**2-COB4*Y**3+COB5*Y**4 
IF(Y .LT. 14.5)THEN 
ZINTl = COW1-COW2*Y -COW3*Y**2 + COW4*Y**3-COW5*Y .. 4+ COW6*Y**S 
ZINT2=C011+C012*Y-COI3*Y**2+C014*Y**3-COIS*Y**4+COI6*Y**5 
XPEAK=-COP1+COP2*Y-COP3*Y**2+COP4*Y**3-COP5*Y**4+COP6*Y**5 
C Putinfvcforvaluesofzint <(beta-b) 
IF(ZINTl.LT. (BETA-LTLB))TIIEN 
ZINT1 = BETA-L1LB 
XINTI=ALPHA 
ELSE 
TEMP= 1-(ZINT1-BETA)**2/L1LB* *2 
XINT1 =ALPHA *(1 + DSQRT(TEMP)) 
END IF 
TEMP= 1-(ZINT2-BETA)**2/LTI.B**2 
XINI'2 =ALPHA *(1-DSQRT(IEMP)) 
C And from these calculate the other variables required. 
ZMIN = -COZ1-COZ2*Y + COZ3*Y**2-COZ4*Y**3 + COZS*Y**4-COZ6*Y* *5 
ELSE 
ZMIN = BEIA-LTLB 
END IF 
ZMAX=BETA + L1LB 
Z=ZMAX 
c ------------------------------------------------------------
c Start integration over Z . : 
c ---------------------------------------------------------------------------------------------.....; 
lOCONTINUE 
DEYIH=Z+CHESTWALL 
TOTALDEP=DEPTIH+LENGTH 
X=ALPHA c-----------------------------------..,.-----------;.. ______________________________ _ 
C Integration over X has been split into two parts (X<ALPHAand X> ALPHA) to make definition of the 
C integration limits easier. Start integration for X greater than ALPHA. c _______________________________________ _: ____________________ . 
15CONTINUE 
C RESULT is used to indicate whether the volume element is outside 
C the ellipse (RESULT> 1). 
RESULT= ((X-ALPHA)**2/ALPHA **2) + ((Z-BETA)* *2/LTI.B**2) c _________________________________________________ .._ ____________________________ _ 
C Check whether the element is outside the integration limits. 
c -----------------------------------------------------------------------------
IF(Y .LT. 14.5 .AJ."''D. Z .LT. ZINf2)1HEN 
WDGELIMl = XPEAK + ((Z-ZMIN)*(XPEAK-XlNT1)/(Ziv1IN-ZINT1)) 
WDGELIM2=XPEAK+((Z-ZMIN)*(XPEAK-XINI'2)/(ZMIN-ZINT2)) 
IF(RESULT .GT.l.AND. X .GT. WDGELIM2)GOTO 20 
IF(RESULT .GT. l.AND. X .LT. WDGELIMl)GOTO 17 
C Element outside ellipse and outside wedge; go on to next element. 
ELSE 
IF(X .GT. 0.0 .OR. RESULT .GT. l)GOTO 20 
C No wedge and element outside ellipse; go on to next element. 
［ＺＺｾＮ＠
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END IF 
c ------------------------------------------------------------
c Find the limits of integration. 
c ---------------------------------------------------------------------------------------
TOTVOL=TOTVOL+DLTAVOL 
C Limit of the area which can be seen by the detector. 
RADLIM =2.0"'RADIUS"'(DEPTH + LENGTH/2.0)/LENGTII 
C Limits of integration over the detector surface 
IMAGERAD= RADIUS"'TOTALDEP/DEPTH 
DISPAXIS=DSQRT((X-DEIX)**2+(Y-DEIY)**2) 
c -------------------------------------------------------------------------------------
c Check whether small integral element is outside the detector field of view and if so go on to next element, 
C if not continue. 
c ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
IF(DISPAXIS.GT.RADLIM)GOTO 17 
c ----------------------------------------------------------------------------------------------------------
c Check if element is outside collimator radius and total area is not visible. If so call subroutine OMEGA2, 
C otherwise call subroutine OMEGAl. 
c -------------------------------------------------------------------------------------
IF(DISP AXIS.GT.RADIUS)TIIEN 
CALL OMEGA2(IPD,DEPTH,LENGTII,RADIUS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
ELSE 
CALL OMEGAl(IPD,RADIUS,DISPAXIS,TOTALDEP,COUNf,DLTA) 
END IF 
INTCOU = INTCOU +COUNT 
VOLUME=VOLUME+DLTAVOL 
17 ｃｏｾＢｔｔｎｕｅ＠
X=X+DLTA 
GOT015 
20CONI1NUE 
c ---------------------------------------------------------------------------------------------------------------
c Integrate over Xless than ALPHA. c ________________ __;. _______________________________________________________________________ _ 
· X=ALPHA-DLTA 
25CONTINUE 
RESULT=((X-ALPHA)**2/ALPHA**2)+((Z-BETA)**2/LTLB**2) 
IF(Y .LT. 14.5 ＮｾＮ＠ Z .LT. Zll\JT1)TIIEN 
WDGELIMl=XPEAK+((Z-ZMIN)*(XPEAK-XINTl)/(ZMIN-ZINTl)) 
WDGELIM2 = XPEAK + ((Z-ZMIN)*(XPEAK-XINT2)/(ZMIN-ZINT2)) 
IF(RESULT .GT. ·1.AND. X .GT. WDGELIM2)GOTO 27 
IF(RESULT .GT.'l.AND. X .LT. WDGELIMl)GOTO 30 
ELSE 
IF(RESULT.GT.l.O)GOTO 30 
ENDIF . 
DISPAXIS=DSQRT((X-DEIX)**2+(Y-DEIY)**2) c _____________________ .:_ _____________________________________________________________________________________________ _ 
C Check whether small integral element is outside the detector field of view and if so go on to next element, 
C if not continue. 
c -----------------------------------------------------------------------------------------------------
TOTVOL=TOTVOL+DLTAVOL 
IF(DISPAXIS.GT.RADLIM)GOTO 27 
C-------------------------- ----------------
C Check if element is outside collimator radius and total area is not visible. If so call subroutine OMEGA2, 
C otherwise call subroutine OMEGAl. 
c ----------------------------------------------------------------
IF(DISP AXIS.GT.RADIUS)TIIEN 
CALL OMEGA2(IPD,DEPTH,LENGTII,RADIUS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
ELSE 
CALL Ol\ffiGAl(IPD,RADIUS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
END IF 
ThiTCOU=ThiTCOU+COUNT 
VOLUME=VOLUME+DLTAVOL 
27CONTINUE 
X=X-DLTA 
GOT025 
30CONTINUE 
Z=Z-DLTA 
IF(Z .GT. ZMIN)GOTO 10 
35CONTINUE 
Y=Y+DLTA 
IF(Y. LT. YMAX)GOTO 5 
COUHRS = ThiTCOU*3600.0 
c ------------------------------------------------------------------------------
c Print out results. _ 
c ------------------------------------------·---------------------------------------------------
WRITE(3,100)CHESIW ALL 
100 FORMAT(' RESULTS USING A LUNG-SURFACE DEPTII OF ',F3.1,' AND A 
I DEIECI'ORPOSmONED') 
WRITE(3,110)DETX,DEIY,LENGTII,RADIUS 
110 FORMAT(' AT (',F4.l,',',F4.1,')',' AND WTI1I A COLLIMATORLENGTII 
I = ',F4J,' em, AND RADIUS = ',F3.1,' em') 
WRITE(3,120)DLTA 
120 FORl\1AT(' USING A IN1EGRATION MESH OF ',F4.2,' em') 
WRITE(3,130)RADLIM,VOLUME 
130 FORMAT(' TIIEN THE MAXIMUM RADIUS OF LUNG SEEN IS ',F4.1,' AND', 
/F6.1,' cc OF LUNG IS VIEWED') 
WRITE(3,140)TOTVOL 
140 FORMAT(' OUT OF A TOTAL LUNG VOLUME OF ',F6.1,' cc') 
WRITE(3,150)IPD,NUCLIDE . 
150FORMAT('FORANINIT1ALDEPOSITOF',F4.l,'KBQOF',A10) 
WRITE(3,160)COUHRS 
160 FORMAT(' ',E15.6,' COUNTS PER HOUR WILL BE DETECTED',//) 
END 
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Figure 0.4: Flow Diagram for the Subroutine OMEGA! 
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c ---------------------------------------------------------
c MIS DElECTABLE ACTIVITY CALCULATION- SUBROUTINE OMEGA1 
c---------------------------------------------------------------------.:. 
c 
C Subroutine to calculate the solid angle subtended by the detector from the small lung volume element and 
C hence the counts detected from this volume element. This subroutine only calculates the solid angle if the 
C whole of the detector face within the collimator is visible to the element. The detector face is replaced with 
C a polygon to calculate the solid angle. 
c 
c -------------------------------------------------------------------------------------------------------. 
C Dimension arrays and set up double precision variables. 
c -----------------------------------------------------------------------------
SUBROUI'INE OMEGA1(1PD,RADIDS,DISPAXIS,TOTALDEP,COUNI',DLTA) 
REAL *8 XDEf(70),YDET(70),VRl,VR2,VR3,E,F,OMEGA,D(50),COUNI'.,TEMP 
REAL*8 RADIDS,TIME,TOTALDEP,PI,DECAYCONSf,LUNGCONC,LUNGVOL 
REAL *8 IPD,DISPAXIS,GRAD(50),DETEFF,DLTAVOL,DLTA 
c -----------------------------------------------------------------------------
c Set up data fields and detector position. 
c -----------------------------------------------------------------------------------------------------
DATA LUNGVOL,N,PI/3624.0,36,3.1415927/ 
DATA DEIEFF,DECA YCONST,TIME/11.04,0.06829036262,1.0/ 
c ----------------------------------------------------------------------------------------
ｾ＠ C Set up all variables. 
0'\ c --------------------------------------------------------------------------------------------------------------
ｾ＠ C Volume of each lung element. 
DLTAVOL=DLTA**3 
C Activity concentration (Bq/cc) at the time of calculation 
LUNGCONC=IPD*EXP(-DECAYCONSf*TIME)*10**3/LUNGVOL 
c ------------------------------------------------------------------------------------------------
c Set limits of integration for the polygon. 
c --------------------------------------------------------------------------------------------------------------
1 = (N-2.0)/2.0 
K=N/2.0 
L=N/4.0 
c ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ Ｍ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
.. C Set variables to zero. 
c --------------------------------------------------------------------------------------------------------------------
OMEGA=O.O 
COUNT=O.O 
c -----------------------------------------------------------------------------------------------------------
c Find solid angle. 
c -----------------------------------------------------------------------------------------------------------------
c Calculate values of the gradient (GRAD) of the polygon side 
DO 701=1,1 . 
TEMP= ＨｎＭＴＮＰＪＱＩＪｐｉＯＨＲＮＰＪｾＱ＠
GRAD(I) = DTAN(TEMP) 
IF(TEMP.GT.(PI/2.0))GRAD(I) = -GRAD(I) 
70CONTINUE 
C Calculate values of XDEf and YDET 
DO 801=1,L 
TEMP= (2.0*1-1.0)*PI/N 
ｾ ｾ＠ D(I) = RADIUS*(DCOS(TEMP)) 
YDET(I) = RADIUS*(DSIN(TEMP)) 
XDET(I) = DISP AXIS-D(I) 
SO CONTINUE 
D090l=L+1,K 
TEMP= (2.0*1-l.O)*PIJN 
IND = (N + 2.0)/2.0-1 
YDET(I) = RADIDS*(DSIN(TEMP)) 
TEMP=-D(IND) 
XDET(I) = DISP AXIS-TEMP 
90CONTINUE 
C Calculate values forE and F and the solid angle OMEGA 
DO 100 1=1,1 
VRl = XDET(I + 1)**2+ YDET(I)**2-2.0*GRAD(I)*XDET(I)*YDET(I) 
VR1 = VR1 + GRAD(I)**2*XDET(I)**2 
VR2=TOTALDEP**2+GRAD(I)**2*XDET(I + 1)**2 
VR2 = VR2 + 2*GRAD(I)*XDET(I + 1)*YDET(I)-2*GRAD(I)**2*XDET(I + 1)*XDET(I) 
TEMP= GRAD(I)*(I'OTALDEP**2 + XDET(I + 1)*XDET(I))-XDET(I + 1)*YDEf(l) 
VR3=TOTALDEP*(DSQRT(VR1 + VR2))fl'EMP 
E= DATAN(VR3) 
IF(E.LT.O.O)E= E+ PI 
VR1 =TOTALDEP*DSQRT(XDET(I)**2 + YDET(I)**2+ TOTALDEP**2) 
VR2 = GRAD(I)*(XDEf(l)**2 + TOTALDEP**2)-XDET(I)*YDET(I) 
F=DATAN(VR1/VR2) 
IF(F.LT.O.O)F = F +PI 
OMEGA= OMEGA+ 2.0*(E-F) 
100 CONTINUE 
C Calculate the count contribution from this element 
COUNT= DLTAVOL *LUNGCONC*DETEFF*OMEGN(4.0*PI*100.0) 
RETIJRN 
END 
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c ----- --------------------------------------------------------
c MIS DETECfABLE ACTIVITY CALCUlATION- SUBROUTINE OMEGA2 
c- ----------------------------
c 
C Subroutine to calculate the solid angle subtended by the detector from the small lung volume element and 
C hence the counts detected from this volume element. This subroutine only calculates the solid angle if part 
C of the detector face within· the collimator is visible to the element. The detector face is replaced with a 
C polygon to calculate the solid angle. 
c 
c --- ---------------------------------------------------------------------------. 
C Dimension arrays and set up double precision variables. 
c ------------------------------------------------------------------------------------------------------
SUBROUTINE OMEGA2(IPD,DEPTII,LENGTH,RADIUS,DISPAXIS,TOTALDEP,COUNI' 
l,DLTA) 
REAL *8 ANGLEl,ANGLE2,XDEf(70),YDEf(70),VR1,VR2,VR3,E,F,OMEGA(2) 
REAL *8 IPD,D(SO),COUNT,TEMP,OVERI . .AP,C,LUNGCONC,LUNGVOL 
REAL *8 DECAYCONSI',PI,DEPTH,IMAGERAD,DISPAXIS,GRAD(SO),TESr,DETEFF 
REAL *8 DLTAVOL,LENGTII,RADIUS,TIME,TOTALDEP,B,DLTA 
c ----------------------------------------------------------------------------------------------------
c Set up data fields and detector position. 
c --------------------------------------------------------------------------------------------------------
DATA LUNGVOL,N,PI/3624.0:36,3.1415927/ 
DATA DETEFF,DECA YCONST,TIME/11.04,0.06829036262,1.0/ 
c -----------------------------------------------------------------------------------------------------
c Set up all variables. 
c -----------------------------------------------------------------------------------------------------
. C Volume of each iung element. 
DLTAVOL=DLTA,..3 
C Activity ｣ｯｮ｣･ｮｴｾｾｩｯｮ＠ (Bq/cc) at the time of calculation. 
LUNGCONC= IPD*10**3*EXP( -DECAYCONST*TIME)!LUNGVOL 
JMAGERAD = RADIUS*TOTALDEP/DEPTII 
c -----------------------------------------------------------------------..;.._ _______________________________ _ 
C Set limits of integration for the polygon. 
c ＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
1 = (N-2.0)/2.0 ° 
K=N/2.0 
c --------------------------------------------------------------------------------------------------------------
c Set variables to zero. c __________ .:_ ______ .: ___________________________________________________________________________________________ _ 
D0651=1,2 
OMEGA(I) =0.0 . 
65CONI1NUE 
COUNT=O.O 
c ＭﾷＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＮＭＭＭＭＭＭＭＭＭＭＭＭ
c Calculate solid angle omega for only part of detector surface visible. 
c -------------------------------------------------------------------------------------------------------------------
OVERLAP=2.0*RADIUS-LENGTH*(DISPAXIS-RADIUS)/DEPTII 
TEMP=2.0*(IMAGERAD +RADIUS-OVERLAP) 
TEMP=(OVERLAP**2-2.0*0VERLAP*RADIUS)!TEMP 
C=IMAGERAD+TEMP 
TESI'= ｒａｄｉｕｾＫ＠ IMAGERAD-C 
B =RADIUS-OVERLAP-TEMP 
JF(TEST.EQ.OVERLAP)B= 0.0 
TEMP= C!IMAGERAD 
ANGLE!= DACOS(ABS(TEMP)) 
IF(TEMP.LT.O.O)ANGLE1 =PI-ANGLE1 
1EMP= B!RADIUS 
ANGLE2= DACOS(ABS(TEMP)) 
IF(TEMP.LT.O.O)ANGLE2 = PI-ANGLE2 
M=N-1 
c --------------------------------------------------------------------------------------:-----
c Calculate contribution bound by projected image perimeter. . 
c -------------------------------------------------------------------------
c Calculate values of the gradient (GRAD) of the polygon side. 
D0120I=1,J 
1EMP = (M*PI-4.0*1* ANGLE1)/(2.0*M) 
GRAD(I) =DTAN(fEMP) 
IF(fEMP.GT.(PI/2.0))GRAD(I) =-GRAD (I) 
120 CONTINUE 
C Calculate values of XDEf and YDEr. 
D01251=1,K 
TEMP= (2.0*1-1.0)* ANGLE1/M 
YDET(I) = IMAGERAD*DSIN(fEMP) 
D(I) = (IMAGERAD*DCOS(IEMP)) 
XDEf(I) = DISP AXIS-D(I) + (IMAGERAD +RADIUS-OVERLAP) 
125 CONilL'WE 
C Calculate values forE and F and the solid a.nge OMEGA. 
DO 1301=1,1 
VR1 = XDEf(I + 1)**2 + YDEf(I)**2-2*GRAD(I)*XDEf(I)*YDEf(I) 
VR1 = VR1 + GRAD(I)**2*XDEr(I)**2 
VR2=TOTALDEP**2+GRAD(I)**2*XDEr(l+1)**2 
VR2=VR2+2*GRAD(I)*XDEf0+1)*YDEr(I)-2*GRAD(I)**2*XDEr(I+1)*XDET(I) 
TEMP= GRAD(I)*(TOTALDEP**2 + XDEr(I + l)*XDEr(I))-XDET(I + l)*YDET(I) 
VR3=TOTALDEP*(DSQRT(VR1 + VR2))fl'EMP 
E=DATAN(VR3) 
IF(E.LT.O.O)E = E+ PI 
VR1 = TOTALDEP*DSQRT(XDEr(l)**2 + YDET(I)* *2 + TOTALDEP**2) 
VR2=GRAD(I)*(XDEr(I)**2+TOTALDEP**2)-XDET(I)*YDEf(I) 
F=DATAN(VR1NR2) · 
IF(F.LT.O.O)F = F +PI 
OMEGA(1) = OMEGA(1) + 2.0*(E-F) 
130 CONTINUE c ________________________________ .. ___________________________________________________________________________ _ 
C Calculate the contribution bound by the collimator perimeter. 
c ------------------------------------------------------------------------------
c Calculate the value of the grdient (GRAD) of the polygon side. 
001401=1,1 
TEMP= (M*PI-4.0*I* ANGLE2)/(2.0*M) 
GRAD(I) = DTAN(fEMP) 
IF(1EMP.GT.(PI/2.0))GRAD(I) =-GRAD(!) 
140 CONTINTJE · 
C Calculate values of XDEf and YDET. 
D01451=1,K 
TEMP= (2.0*1-1.0)* ａｬｾｇｌｅＲＯｍ＠
YDEf(I) = RADIUS*DSIN(TEMP) 
D(I) = RADIUS*DCOS(TEMP) 
XDEf(I) = DISP AXIS+ D(I) 
145 CONTINUE 
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C Calculate values forE and F and the solid angle OMEGA 
DO 1501=1,1 
VR1=XDEI'(I)**2+YDEI'(I+1)**2-2.0*GRAD(l)*XDET(I+1)*YDET(I+1) 
VRl=VRl+GRAD(I)**2*XDET(I+1)**2 
VR2=TOTALDEP**2+GRAD(I)**2*XDET(I)**2 
VR2 = VR2 + 2*GRAD(I)*XDET(I)*YDET(I + 1)-2*GRAD(l)**2*XDET(I)*XDET(I + 1) 
1EMP=GRAD(I)*(TOTALDEP**2+XDET(I)*XDET(I+l))-XDET(I)*YDET(I+1) 
VR3=TOTALDEP*(DSQRT(VR1 + VR2))/IEMP 
E= DATAN(VR3) 
IF(E.LT.O.O)E= E +PI 
VR1=TOTALDEP*DSQRT(XDET(I+1)**2+YDEI'(I+1)**2+TOTALDEP**2) 
VR2 = GRAD(I)*(XDET(I + 1)**2+ TOTALDEP**2)-XDET(I + l)*YDET(I + 1) 
F = DATAN(VR1JVR2) 
IF(F.LT.O.O)F = F +PI 
OMEGA(2) = OMEGA(2) + 2.0*(E-F) 
150 CONTINUE 
OMEGA(1) = OMEGA(1) + OMEGA(2) 
C Calculate the count contribution from this element. 
COlJNT=DLTAVOL*LUNGCONC*DETEFF*OMEGA(1)/(4.0*PI*100.0) 
REI1JRN 
END 
...._ __________________________________________________________________________________________ , - · ·-· --- -··- · ·- --· 
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c -----------------------------------------------------------------
c MIS DElECTABLE ACTIVITY CALCULATION  ____________________________________ .;.. ______________________________ ._ 
c 
C Program to calculate the count rate from a poly-elliptical model of the right lung of subject D. Based on a 
C 20 em high lung with two wedges, front and rear. Looks at a detector positioned at DEI'X, DETY. The 
C program calls two subroutines which calculate the solid angle and the count contribution from each lung 
C volume element. 
c 
c ------------------------------------------------------------------------------------------------------------. 
C Dimension arrays and set up double precision variables. 
c --------------------------------------------------------------------
REAL*8 INTCOU,VOLUME,COUNf,CHESIWALL,DEPTII,RADLIM,LENG'IH,RADIUS 
REAL *8 IMAGERAD,DISPAXIS,DLTAVOL,T01VOL,COUHRS,TOTALDEP,DEIX 
REAL *8 DETY,XMAX,ZMAX,BETA,Z,X,DLTA,LTLB,COBl,COB2,COB3,COB4 
REAL *8 COX1,COX2,COX3,COX4,COX5,COW1,COW2,COW3,COW4,COWS,COW6 
REAL *8 COW7,COW8,COP1,COP2,COP3,COP4,COPS,COP6,COP7,COP8,COI1,COI2 
REAL *8 COI3,COI4,COJ5,COI6,COI7,COI8,COZ1,COZ2,COZ3,COZ4,COZ5,COZ6 
REAL *8 COZ7,COZ8,COW21,COW22,COW23,COW24,COW25,COW26,COW27,COW28 
REAL *8 COI21,COI22,COI23,COI24,COI25,COI26,COI27,COI28,COP21,COP22 
REAL *8 COP23,COP24,COP25,COP26,COP27,COP28,COZ21,COZ22,COZ23,COZ24 
REAL *8 COZ25,COZ26,COZ27,COZ28,XZERO,ALPHA,Y,TEMP,RESULT,LTLA 
REAL *8 WEDGELIM,ZINTl,XINfl,ZINT2,XINI'2,ZINf3,XINT3,ZINT4,XINT4 
REAL *8 XPEAK1,ZPEAK1,XPEAK2,ZPEAK2,IPD,ZMIN,SEP 
INTEGER*4 ELLIPSE,TOTELL,NUM 
CHARACTER*lO NUCLIDE 
c ---------------------------------------------------------------------------------------------------
c Set up data fields and detector position. 
c ------------':----------------------------------------------------------------------------
DATA CHESTW'ALL,DLTA,YMAX,DEIX,DEIY/3.1,0.1,20.0,35,16.0/ 
DATA COB1,COB2,COB3/14.45766,0.232925,0.03542516/ 
DATA COB4,COX1,COX2/0.0002189741,9.120913,0.2202888/ 
DATA COX3,COX4,COX5/0.09578926,0.01076437,0.0003616688/ 
DATA COW1,COW2,COW3,COW4/3.622016,0.4255982,0.4735165,0.1949145/ 
DATA COWS,COW6,COW7/0.03744444,0.003529999,0.0001578136/ 
DATA COWS/0.000002676395/ 
DATA COP1,C0Pz,COP3,COP4/0.3934314,0.6118518,0556729,0.2333912/ 
DATA COP5,COP6,COP7/0.03715921,0.002663828,0.00008643049/ 
DATA COP8,COZ1,COZ2/0.000001007689,6.602532,0.9911935/ 
DATA COZ3,COZ4,COZ5/05511087,0.116902,0.0108415/ 
DATA COZ6,COZ7,COI1/0.0004284704,0.00000577617,6.140766/ 
DATA COI2,COI3,COI4,COJ5/3.096824,2.639007,0.897544,0.1412026/ 
DATA COI6,COI7,COI8/0.01116168,0.0004309799,0.000006469711/ 
DATA COP21,COP22,COP23/3.664431,1.156164,0.9722899/ 
DATA COP24,COP25,COP26/0.4814634,0.1088386,0.01195151/ 
DATA COP27,COP28,COZ21/0.0006285837,0.00001273098,14.09849/ 
DATA COZ22,COZ23,COZ24/2.684376,1.774703,0.3833178/ 
DATA COZ25,COZ26,COZ27/0.03118305,0.0002122142,0.00009095154/ 
DATA COZ28,COI21,COI22/0.000003240333,12.37798,0.4858256/ 
DATA ｃｏｉＲＳＬｃｏｉＲＴＬｃｏｉＲＵＯＱＮＶＳＴＹＶＵＬＱＮＰＱＷＰＸＳＬＰＮＲＴＲｾＵＶＵＯ＠
DATA COI26,COI27,COI28/0.02739086,0.001478458,0.000030n549/ 
DATA COW21,COW22,COW23/1.955525,0.3876395,0.07743861/ 
DATA COW24,IPD,BETA,LENG1H,RADIUS/0.003318251,40.0,11: 7,4.0,1.4/ 
ｏｐｅｎＨｕｾｔｦ］ＳＬｆｉｌｅ］ＧｓｕｂｊｒｉｇｔＮＰＰＱＧＩ＠ . 
c --------------------------------------------
c Set up all variables. 
c ------------------------------------------------------------
NUM=O 
2CONTINUE 
NUM=NUM+l 
NUCLIDE= 'NIOBIUM' 
ELLIPSE=O 
T01VOL=O.O 
VOLUME=O.O 
INTCOU=O.O 
DLTAVOL=DLTA"'*3 
Y=DLTA/2.0 
TOTELL=YMAX!DLTA 
c ----------------------------------------------------------------------------------------------------------
c Start of integration loop. Start integration over Y. DLTA defines the mesh size for the integration. 
c ---------------------------------------------------------------------
SCONTINUE 
C Send a message to the screen to give an indication of progress. 
ELLIPSE= ELLIPSE+ 1 
WRITE(6,6)ELLIPSE,TOTELL,NUM 
6 FORMAT(' Working on ellipse ',14,' out of ',14,' on loop ',13) 
C Use the polynomial equations to calculate tP.e variable values· for 
C this value ofY. 
SEP = 2.0-0.l*Y 
XZERO=COX1+COX2*Y-COX3*Y**2+COX4*Y**3-COX5*Y**4 
LTIA=XZER0/2.0 
ALPHA= SEP+ LTLA 
LTLB=(COBl +COB2*Y-COB3*Y**2-COB4*Y**3)/2.0 
ZMAX=BETA + LTLB 
ZMIN =BETA-LTLB 
IF(Y .LT. 185)1HEN 
C Calculate the co-ordinates of the wedge at the front of the lung 
XINfl=COW1-COW2*Y+COW3*Y**2-COW4*Y**3+COWS*Y**4-COW6*Y**5 
XINT1 = XINT1 + COW7*Y**6-COW8*Y**7 +SEP 
ZINT2=C011 +COI2*Y-C013*Y**2+COI4*Y**3-COI5*Y**4+COI6*Y**5 
ZINT2= ZINT2-COI7*Y**6 +COI8*Y**7 
XPEAK1=COP1-COP2*Y +COP3*Y**2-COP4*Y**3+COP5*Y**4:-COP6*Y**5 
XPEAKl = XPEAKl +COP7*V"'*6-COP8*Y**7 +SEP 
ZPEAKl = COZ1-COZ2*Y + COZ3*Y**2-COZ4 *Y**3 + COZ5*Y**4-COZ6*Y**5 
ZPEAKl =ZPEAK1 + COZ7*Y**6 
TEMP= 1-(XINT1-ALPHA)**2/LTIA **2 
ZINI1 = BETA-LTLB*DSQRT(1EMP) 
TEMP=1-(ZINT2-BETA)**2/LTLB**2 
XINT2=ALPHA-LTLA *DSQRT(1EMP) 
IF(Y .LT. 145)TIIEN 
C Calculate the co-ordinates of the wedge at the rear of the lung 
XINT3 = COW21-COW22*Y + COW23*Y**2-COW24*Y* *3 +SEP 
ZINT4=COI21+COI22*Y-COI23*Y**2+COI24*Y**3-COI2S*Y**4+COI26*Y**5 
ZINT4 = ｚｉｎｔＴＭｃＰＱＲＷｾｙＪＧＪＶ＠ + COI28*Y**7 
XPEAK2=-COP21+COP22*Y-COP23*Y**2+COP24*Y**3-COP2S*Y**4+COP26*Y**S 
XPEAK2 = XPEAK2-COP27*Y**6 + COP28*Y* *7 +SEP 
ZPEAK2 = COZ21-COZ22*Y + COZ23*Y* *2-COZ24 *Y* *3 + COZ25*Y**4-COZ26*Y**5 
ZPEAK2= ZPEAK2-COZ27*Y**6 + COZ28*Y* *7 
TEMP=l-(ZINT4-BETA)**2/L1LB**2 
XINT4=ALPHA-L1LA *DSQRT(TEMP) 
END IF 
END IF 
C And from these calculate the other variables required. 
Z=ZMAX 
c ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
c Start integration over Z. 
c -----------------------------------------------------------------------------------------------------
10CONTINUE 
DEP'IH=Z+CHESIWALL 
TOTALDEP=DEPTH+LENGTH 
X=ALPHA 
c --------------------------------------------------------------------------------------------------------
c Integration over X has been split into two parts (X< ALPHA and X> ALPHA) to make defmition of the 
C integration limits easier. Start integration for X less than ALPHA c ___________________ : __________________________________________________________________________________________ _ 
15CONTINUE 
c ------·------------------------------------------------------------------------------------------------------------
c Check whether the element is outside the integration limits. 
c -----------------------------------------------------------------------------------------------------------------
c REStJ"LT is used to indicate whether the volume element is outside 
"' C the ellipse (RESULT> 1). 
ｾ＠ RESULT=((X-ALPHA)**2/L1LA**2)+((Z-BETA)**2/L1LB**2) 
t\J IF(Y .LT. 18.5 .AND. Z .LT. ZINT2)TIIEN 
C Front peak needs to be taken into consideration 
WEDGELIM1=XPEAK.l+((XPEAK1-XINT1)*(Z-ZPEAK1)/(ZPEAK1-ZINT1)) 
WEDGELIM2= XPEAK1 +((XPEAK1-XINr2)*(Z-ZPEAK1)/(ZPEAK1-ZINI'2)) 
IF(RESULT .GT.l .AND. X .LT. WEDGELIM2)GOTO 20 
IF(RESULT .GT.1:AND. X .LT. WEDGELIM1)GdTO 17 
C Element outside ellipse and outside wedge; go on to next element. 
ELSEIF(Y .LT.14.5 .AND. (Z .GT. ZINT4 .OR Z .GT. ZPEAK2))THEN 
C Rear peak needs to be taken into consideration 
WEDGELIM1=ZPEAK2+((ZPEAK2-ZINT4)*(X-XPEAK2)/(XPEAK2-XINT4)) 
WEDGELIM2=XPEAK2+((XPEAK2-XINf3)*(Z-ZPEAK2)/(ZPEAK2-ZMAX)) 
IF(RESULT .GT.1 .AND. X .LT. WEDGELIM2)GOTO 20 
IF(RESULT .GT. l.AND. Z .LT. WEDGELIM1)GOTO 17 
C Element outside tllipse and outside wedge; go on to next element. 
ELSE 
IF(X .LT. 0.0 .OR .RESULT .GT. l)GOTO 20 
C No wedge and eie'ment outside ellipse; go on to next element. 
ENTIIF c _________________ ;_ __________________________________________________________________________________________________ _ 
C Find the limits of ｩｮｾ･ｧｲ｡ｴｩｯｮＮ＠
c ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
TOTVOL=TOTVOL+DLTAVOL 
C Limit of the area which can be seen by the detector .. 
RADLIM = 2.0*RADIUS*(DEPTII + LENGTH/2.0)/LENGTII 
C Limits of integration over the detector surface 
IMAGERAD = RADIUS*TOTALDEP/DEP'IH 
DISP AXIS= DSQRT((X-DETX)**2 +(Y -DEfY)* *2) 
c -------------------------------------------------·---------
c Check whether small integral element is outside the integration region and if so go on to next element, if 
C not continue. 
c ---------·-----------··--·----------------------··-·-···--··----·---···----------
IF(DISPAXIS.GT.RADLIM)GOTO 17 
c ---------------·--·-----·-·-------·-------·--·-·-·-·--··-·--·-··-·-···-------·-
c Check if element is outside collimator radius and total area is not visible. If so call subroutine OMEGA2, 
C otherwise call subroutine OMEGA!. 
c ··----------------------------------------------·----······-------------·-·-·-·-·-------·--
IF(DISP AXIS.GT.RADIUS)THEN 
CALL OMEGA2(IPD,DEPTH,LENGTII,RADIUS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
ELSE 
CALL OMEGAl(IPD,RADIUS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
END IF 
ThiTCOU=ThiTCOU+COUNT 
VOLUME=VOLUME+DLTAVOL 
17CONTINUE 
X=X-DLTA 
GOT015 
20CONTINUE 
c -----------------------------------------------------------------------------------------·--------··-·-----· 
C Integrate over X greater than ALPHA. 
c ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭﾷＭＭﾷＭＭＭＭﾷＭﾷﾷＭＭＭＭＭＭＭﾷＭＭﾷＭＭＭＭﾷＭＭＭ
X=ALPHA+DLTA . 
25CONTINUE 
RESULT= ((X-ALPHA)**2/L1LA **2) +((Z-BETA)**2!LTLB**2) 
IF(RESULT.GT.l.O)GOTO 30 
DISPAXIS=DSQRT((X-DETX)**2+(Y-DETY)**2) 
c ----------------------------------------------------------··---·-····--···----------·····-··---
c Check whether small integral element is outside the integration region and if so go on to next element, if 
C not continue. 
c ---------·------------------------------------------------·--------·--·------------:--------
TOTVOL=TOTVOL+DLTAVOL 
IF(DISPAXIS.GT.RADLIM)GOTO 27 
c ------------------------------------------------------------·-·--------··-------·-------
c Check if element is outside collimator radius and total area is not visible. If so call subroutine OMEGA2, 
C otherwise call subroutine OMEGA!. 
c -----------------·--·----------------·---------------·····-----.:---------------·--·-----·--------··-·---------
IF(DISPAXIS.GT.RADIUS)TIIEN 
CALL OMEGA2(IPD,DEPTH,LENGTH,RADIUS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
ELSE 
CALL OMEGAl(IPD,RADIUS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
END IF 
ThiTCOU=ThiTCOU+COUNT 
VOLUME=VOLUME+DLTAVOL . 
27CONTINUE 
X=X+DLTA 
GOT025 
30CONilNUE 
Z=Z-DLTA 
IF(Z .GT. ZMIN)GOTO 10 
35CONTINUE 
Y=Y+DLTA 
IF(Y. LT. YMAX)GOTO 5 
--------------------------------------------------------·--·-- ·- - · - ··· 
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COUHRS = .INTCOU•3600.0 
c ---------------------------------------------------------------------------------------
c Print out results. 
c -----------------------------------------------------------------------------------------------
WRITE(3,100)CHESIW ALL 
100 FORMAT(' RESULTS USING A LUNG-SURFACE DEPTH OF ',F3.1,' AND A', 
f DETECTORPOSmONED') 
WRITE(3,110)DEI'X,DEI'Y,LENGTH,RADIUS 
110 FORMAT(' AT (',F4.1,',',F4.1,') AND WITH A COLLIMATOR LENGTH', 
/' = ',F3.1,' em, AND RADIUS = ',F3.1,' em') 
WRITE(3,120)DLTA 
120 FORMAT(' USING A INTEGRATION MESH OF ',F4.2,' em') 
WRITE(3,130)RADLIM,VOLUME 
130 FORMAT(' THEN THE MAXIMUM RADIUS OF LUNG SEEN IS ',F4.1,' AND', 
/F6.1,' cc OF LUNG IS VIEWED') 
WRITE(3,140)TOTVOL 
140 FORMAT(' OUT OF A TOTAL LUNG VOLUME OF ',F6.1,' cc') 
WRITE(3,1SO)IPD,NUCLIDE 
150 FORMAT(' FORAN INITIAL DEPOSIT OF ',F4.l,'KBQ OF ',AlO) 
WRITE(3,160)COUHRS 
160 FORMAT(' ',El5.6,' COUNTS PER HOUR WILL BE DETECI'ED',/1) 
END 
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c ------------------------------------------------------------------
c MIS DETECTABLE ACTIVTIY CALCUlATION  ______________________________________________________________ ..;. ____________ _ 
c 
C Program to calculate the count rate from a poly-elliptical model of the left lung of subject D. Based on a 20 
C em high lung with two wedges, one at the front one at the rear. Looks at a detector positioned at 
C DEI'X, DETY. The program calls two subroutines which calculate the solid angle and the count 
C contribution from each lung volume element. c . 
c --------------------------------------------------------------------------
c Dimension arrays and set up double precision variables. 
c -------------------------------------------------------------------------
REAL *81NfCOU,VOLUME,COUNI',CHESIW ALL,DEPTH,RADLIM,LENGTH,RADIUS 
REAL*81MAGERAD,DISPAXIS,DLTAVOL,TOTVOL,COUHRS,TOTALDEP,DEI'X,DEIY 
REAL *8 XMAX,ZMAX,BETA,Z.X,DLTA,L'ILB,LlLA,COBl,COB2,COB3,COB4 
REAL *8 COX1,COX2,COX3,COX4,COX5,COW1,COW2,COW3,COW4,COWS,COW6 
REAL *8 COW7,COW8,COP1,COP2,COP3,COP4,COPS,COP6,COP7,COP8,COI1,COI2 
REAL*8 COI3,COI4,COIS,COI6,COI7,COI8,COZ1,COZ2,COZ3,COZA,COZ5,COZ6 
REAL *8 COZ7,COZ8,COW21,COW22,COW23,COW24,COW25,COW26,COW27,COW28 
REAL *8 COI21,C0122,COI23,COI24,COI25,COI26,COI27,COI28,COP21,COP22 
REAL *8 COP23,COP24,COP25,COP26,COP27,COP28,COZ21,COZ22,COZ23,COZ24 
REAL*8 COZ25,COZ26,COZ27,COZ28,XZERO,ALPHA,Y,1EMP,RESULT,WEDGELIM 
to.J REAL *8 ZINrl,XIN'tl,ZINT2,XINT2,ZINT3,XINT3,ZINT4,XINT4,XPEAK1 
-...3 REAL *8 ZPEAK1,XPEAK2,ZPEAK2,IPD,ZMIN,ZLIM,SEP 
-...3 Ii\ITEGER*4 ELLIPSE,T01ELL,NUM 
CHARAC1ER*10 NUCLIDE 
c --------------------------------------------------------------------------------------------------------
c Set up data fields and detector position. 
c ______________ ___._. --------------------------------------------------------------------------------
DATA ｾａｌｌＬｄｌｔａＬ＠ YMAx,DETX,DEIY/3.1,0.1,20.0,-25,18.7/ 
DATA C0Bl,COB2,COB3/14.19517,0.2934905,0.02864592/ 
DATA COB4,COX1,COX2/0.0008175711,7.303564,0.1615223/ 
DATA COX3,COX4,COW1/0.05925407,0.002996787,4220183/ . 
DATA COW2,CO,W3,COW4,COW5/1591924,2.651802,1.352267,0.3151926/ 
DATA COW6,CQ.W7,COW8/0.03676672,0.002093825,0.00004643964/ 
DATA COP1,COP2,COP3,COP4/2.828706,3583532,3.147311,1.259843/ 
DATA COP5,COP6,COP7/0.2163261,0.01644875,0.0004583765/ 
DATA COZ1,CQZ2,COZ3,COZA/3.201925,1.547349,1.2038n,0.3990842/ 
DATA COZ5,COZ€),COZ7/0.0600231,0.004173503,0.0001090041/ 
-DATA ｃｏｉＱＬｃｏｾＬｃｏｉＳＬｃｏｉＴＯＵＵＲＵＰＱＳＬＴＮＴＰＸＸＸＬＲＮＹＸＸＵＳＲＬＰＮＸＸＷＳＲＴＷＯ＠
DATA COIS,COI6,COI7/0.1370652,0.01148966,0.0004902091/ 
DATA ｃｏｉＸＬｃｏｾｬＬｃｏｐＲＲＯＰＮＰＰＰＰＰＸＲＸＵＸＴＸＬＴＮＲＵＴＸＸＹＬＰＮＸＹＹＸＰＰＵＯＮ＠
DATA COP23,COP24,COP25/0.4523429,0.08235082,0.00826843/ 
DATA COP26,COP27,COZ21/0.0004286735,0.0000086n049,16.86785/ 
DATA COZ22,COZ23,COZ24/05757937,0.1774119,0.1960537/ 
DATA COZ25,COZ26,COZ27/0.04469511,0.004450675,0.000208343/ 
DATA COZ28,COW21,COW22/0.000003737231,0.335072,6.138516,4.820429/ 
DATA COW23,COW24,COW25/4.820429,1.488447,0.2279422,0.01826282/ 
DATA COW26,C9W27,COW28/0.01826282,0.0007326202,0.00001161151/ 
DATA IPD,BETA,LENGTII,RADIUS/40.0,11.7,4.0,0.7/ 
OPEN(UNIT = 3,FILE = 'SUBJLEFT.OOl') 
(: ------------------------------·--------------------------------------------------------------------------------------------
c Set up all variables. 
(; ------------------------------------------------------------------------------------------------------------------------------------
NUM=O 
2CONTINUE 
NUM=NUM+l 
NUCLIDE= 'NIOBIUM' 
ELLIPSE=O 
T01VOL=O.O 
VOLUME=O.O 
INTCOU=O.O 
DLTAVOL=DLTA**3 
Y=DLTA/2.0 
T01ELL= YMAX/DLTA 
c ------------------------------------------------------------------
c Start of integration loop. Start integration over Y. DLTA defines the mesh size for the integration. 
c -------------------------------------------------------------------------------------------
SCONTINUE 
C Send a message to the screen to give an indication of progress. _ 
SEP = 0.1 *Y -2.0 
ELLIPSE= ELLIPSE+ 1 
WRITE(6,6)ELLIPSE,T01ELL,NUM 
6 FORJ.\iAT(' Working on ellipse' ,14,' out of ',14,' on loop ',13) 
C Use the polynomial equations to calculate the variable values for 
C this value ofY. 
XZERO = -COXl + COX2*Y-COX3*Y**2 + COX4*Y* *3 
L'ILA= XZER0/2.0 . 
ALPHA =SEP+ LTI.A 
L'ILB = (COB1 + COB2*Y -COB3*Y**2-COB4*Y**3)/2.0 
ZMAX=BETA + L'ILB 
ZMIN = BETA-L'ILB 
IF(Y .LT. 185)11ffiN 
C Calculate the co-ordinates of the wedge at the rear of the lung 
XINr1 = -1.0 + SEP 
ZINT1=C011+C012*Y-COI3*Y**2+COI4*Y**3-COIS*Y**4+COI6*Y**S 
ZINfl=ZINT1-COI7*Y**6+COI8*Y**7 
XINT2=COW21+COW22*Y-COW23*Y**2+COW24*Y**3-COW25*Y**4+COW26*Y**S 
XINI'2=XINT2-COW27*Y**6+COW28*Y**7+SEP 
XPEAK2=COP21+COP22*Y-COP23*Y**2+COP24*Y**3-COP25*Y**4+COP26*Y**5 
XPEAK2 = XPEAK2-COP27*Y**6 +SEP 
ZPEAK2=COZ21-COZ22*Y-COZ23*Y**2+COZ24*Y**3-COZ25*Y**4+COZ26*Y**5 
ZPEAK2 = ZPEAK2-COZ27*Yi"*6 + COZ28*Y**7 
IF(Y .LT. 125)THEN 
C Calculate the co-ordinates of the wedge at the front of the lung 
XINT1 = -COW1-COW2*Y +COW3*Y**2-COW4*Y**3+COW5*Y**4-COW6*Y**5 
XINI'l = XINTl + COW7*Y**6-COW8*Y**7 +SEP 
XPEAK1=-COP1+COP2*Y-COP3*Y**2+COP4*Y**3-COP5*Y**4+COP6*Y**5 
XPEAKl = XPEAK1-COP7*Y**6 +SEP 
ZPEAK1=COZ1+COZ2*Y-COZ3*Y**2+COZA*Y**3-COZ5*Y**4+COZ6*Y**5 
ZPEAKl = ZPEAK1-COZ7*Y**6 
END IF 
END IF 
Z=ZMAX 
c -------------------------------------------------------------------------------------------__:_ _____ _ 
C Start integration over z. 
c -----------------------------------------------------------------------------------------------:.. _____________ _ 
lOCONTINUE 
DEPTH=Z+CHESIWALL 
TOTALDEP=DEPTH+LENGTH 
C Limit of the area which can be seen by the detector. 
RADLIM=2.0*RADIUS*(DEPTH+LENGTH/2.0)/LENGTII 
X=ALPHA 
c --------------------------------------------------------------------
c Integration over X has been split into two parts (X< ALPHA and X> ALPHA) to make definition of the 
C integration limits easier. Start integration for X greater than ALPHA. 
c -------------------------------------------------------------------------------------
15CONTINUE 
c ------------------------------------------------------------------------------------------
C Check whether the element is outside the integration limits. 
c ------------------------------------------------- -----------------
c RESULT is used to indicate whether the volume element is outside 
C the ellipse (RESULT> 1). 
RESULT= ((X-ALPHA)**2/LTLA **2) + ((Z-BETA)**2/L1LB* *2) 
IF(Y .LT. 12.0)1HEN 
IF(Z .LT. ZINTI)TIIEN 
C Front peak needs to be taken into consideration 
WEDGELIMl=XPEAKl+((XPEAK1-ALPHA)*(Z-ZPEAK1)/(ZPEAK1-ZMIN)) 
WEDGELIM2=XPEAKl+((XPEAK1-XINTl)*(Z-ZPEAK1)/(ZPEAK1-ZINT1)) 
IF(X .GT. WEDGELIM2)GOTO 20 
ｾ＠ IF(X .LT. WEDGELIMl)GOTO 17 
-...J ELSEIF(Z .GT. ZINT1 .OR Z .GT. ZPEAK2)1HEN 
CD C Rear peak needs to be taken into consideration 
WEDGELIM1=XPEAK2+((XPEAK2-XINT1)*(Z-ZPEAK2)/(ZPEAK2-ZINT1)) 
WEDGELIM2 = XPEAK2 + ((XPEAK2-XINT2)*(Z-ZPEAK2)/(ZPEAK2-ZMAX)) 
IF(X .GT. WEDGELIM2)GOTO 20 
IF(X .GT. WEDG§t-IMl)GOTO 20 
END IF 
ELSEIF(Y .GT. 120 .AND. Y .LT. 185)1HEN 
IF(Y .LT. 125 .AND. Z .LT. ZINT1)1HEN 
C Front peak needs to be taken into consideration 
ｗｅｄｾｅｌｉｍｬ＠ = Jq»EAKl + ((XPEAKl-ALPHA)*(Z-ZPEAK.l)/(ZPEAK.l-ZMIN)) 
WEDGELIM2= XPEAK1 +((XPEAK1-XINfl)*(Z-ZPEAK1)/(ZPEAK1-ZINT1)) · 
IF(RESULT .GT.l:.AND. X .GT. WEDGELIM2)GOTO 20 
IF(RESULT .GT .. t'.AND. X .GT. WEDGELIMl)GOTO 20 
C Element outside ellipse and outside wedge; go on to next element. 
ELSEIF(Z .GT. ZINTI .OR Z .GT. ZPEAK2)1HEN 
C Rear peak needs to be taken into consideration 
ｗｅｄｇｅｌｉｍＱ］ｾｅａｋＲＫＨＨｘｐｅａｋＲＭｘｉｎｔＱＩＪＨｚＭｚｐｅａｋＲＩＯＨｚｐｅａｋＲＭｚｉｎｔｉＩＩ＠
WEDGELIM2 = XPEAK2 + ((XPEAK2-XINT2)*(Z-ZPEAK2)/(ZPEAK2-ZMAX)) 
IF(RESULT .GT. ·i A.t'ID. X .GT. WEDGELIM2)GOTO 20 
IF(RESULT .GT. l.Al'ID. X .GT. WEDGELThU)GOTO 20 
C Element outside·ellipse and outside wedge; go on to next element. 
ELSE ... 
IF(X .GT. 0.0 .OR RESULT .GT. l)GOTO 20 
C No wedge and element outside ellipse; go on to next element. 
END IF 
ELSE 
IF(X .GT. 0.0 .OR RESULT .GT. l)GOTO 20 
C No wedge and element outside ellipse; go on to next element. 
Ei':DIF 
c ---------------------------------------------------
c Fmd the limits of integration. 
c ------------------------------------------------------
TOTVOL=TOTVOL+DLTAVOL 
C Limits of integration over the detector surface 
IMAGERAD = RADIUS*TOTALDEP/DEPIH 
DISPAXIS=DSQRT((X-DEIX)**2+(Y-DEIY)**2) 
c --------------------------- ------------------------
c Check whether small integral element is outside the integration region and if so go on to next element, if 
C not continue. 
c ----------------------------------------------------------------------
IF(DISPAXIS.GT.RADLIM)GOTO 17 
c --------------------------------------------------------
c Check if element is outside collimator radius and total area is not visible. If so call subroutine OMEGA2, 
C otherwise call subroutine OMEGA!. 
c -------------------------------------------------------------------------------
IF(DISP AXIS.GT.RADIUS)TIIEN 
CALL OMEGA2(IPD,DEPIH,LENG1H,RADIUS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
ELSE 
CALL OMEGAl(IPD,RADIUS,DISPAXIS,TOTALDEP,COUNr,DLTA) 
END IF 
ThiTCOU=ThiTCOU+COUNT 
VOLUME=VOLUME+DLTAVOL 
17CONTINUE 
X=X+DLTA 
GOT015 
20CONI1NUE 
c ----------------------------------------------------------------------
c Integrate over X less than ALPHA. 
c ---------------------------------------------------------------------------------------------;--------
X=ALPHA-DLTA 
25CONTINUE 
RESULT= ((X-ALPHA)**2/LTLA **2) + ((Z-BETA)**2/LTLB**2) 
IF(X .GT. XINTI.AND. Y .LT.12.0)1HEN 
WEDGELIM1=XPEAK2+((XPEAK2-XINT1)*(Z-ZPEAK2)/(ZPEAK2-ZINT1)) 
WEDGELIM2=XPEAKl+((XPEAK1-XINfl)*(Z-ZPEAK1)/(ZPEAK1-ZINTI)) 
IF( (X .GT. WEDGELIM2 .AND. Z .LT. ZINTl) .OR (X .GT. WEDGELIMl 
1 .AND. Z. GT. ZINTl))GOTO 27 . 
ELSE 
IF(RESULT .GT. l.O)GOTO 30 
END IF 
DISPAXIS=DSQRT((X-DETX)**2+(Y-DETY)**2) 
c ----------------------------------------------------·-----------------------
c Check whether small integral element is outside the integration region and if so go on to next element, if 
C not continue. 
c -----------------------------------------------------------------------------------------------------------
TOTVOL=TOTVOL+DLTAVOL 
IF(DISPAXIS.GT.RADLIM)GOTO 27 
c --------------------------------------------------------------------------------
c Check if element is outside collimator radius and total area is not visible. If so call subroutine OMEGA2, 
C otherwise call subroutine OMEGA!. 
c -------------------------------------------------------------- -
IF(DISP AXIS.GT.RADIUS)TIIEN 
CALL OMEGA2(IPD,DEP'IH,LENGTII,RADIUS,DISPAXIS,TOTALDEP,COUNT,DLTA) 
· .. 
·> : 
··.i 
ELSE 
CALL OMEGAl(IPD,RADIUS,DISPAXIS,TOTALDEP,COUNI',DLTA) 
END IF 
INTCOU =INTCOU +COUNT 
VOLUME=VOLUME+DLTAVOL 
27CONI1NUE 
X=X-DLTA 
GOT025 
30CONTINUE 
Z=Z-DLTA 
IF(Y .LT. 125 .AND. ZPEAKl.LT. ZMIN)TIIEN 
ZLIM = ZPEAKl 
ELSE 
ZLIM=ZMIN 
END IF 
IF(Z .GT. ZLIM)GOTO 10 
35CONTINUE 
Y=Y+DLTA 
IF(Y. LT. YMAX)GOTO 5 
COUHRS=INfCOU*3600.0 
c ---------------------------------------------------------------------------------------------------------
c Print out results. 
c ---------------------------------------------------------------------------------------------------------------ｾ＠ WRITE(3,200)CHESrW ALL 
\0 200 FOR!'4AT(' RESULTS USING ALUNG-SURFACEDEPTII OF',F3.1,' AND A', 
/' DEIECfORPOSITlONED') 
WRITE(3,110)DEI'x,DETY,LENGTH,RADIUS 
110 FORJ."\IAT(' AT (',FS.l,',',FS.l,') AND wmi A COLLIMATOR LENGTH', 
f = ',F3.1,' em, AND RADIUS = ',F3.1,'· em') 
WRITE(3,120)DL'fA 
120 FORJ."\IAT(' USING A INIEGRATION MESH OF ',F4.2,' em') 
WRITE(3,130)RADLIM,VOLUME 
130 FORMAT(' TIIEN TilE MAXIMUM RADIUS OF LUNG SEEN IS ',F4.1,' AND', 
/F6.1,' cc OF LUNG IS VIEWED') 
WRITE(3,140)T01VOL 
140 FORMAT(' OUT OF A TOTAL LUNG VOLUME OF ',F6.1,' cc') 
WRITE(3,150)1Pti,NUCLIDE · 
150 FORMAT(' FOR AN INITIAL DEPOSIT OF ',F4.1,'KBQ OF ',AlO) 
WRITE(3,160)COUHRS 
160 FORMAT(' ',El$.6,' COUNTS PER HOUR WILL BE DEfECTED',//) 
Et\1)) . 
APPENDIX J. 
RADIONUCLIDE DECAY SCHEMES 
E.l Strontium-85 
(5/2. 7#2·) 
9/2+ 
5/2- o.o 
Ｚｾ＠ Rb (stable) 
HALFLIFE = 64. 84 days 
DECAY MODES: E.C. 
Radiation 
yl 
ce-K, y1 
ce-L1, Y1 
｣･ＭｾＬ＠ Y1 
ca-M, y1 
y2 
Kcx1 X-ray 
Kcx2 X-ray 
KP 1. X-ray 
Auger-KLL 
P.uger-KLX 
Auger-KXY 
J..uger-LMM 
Auger-LMX 
J..uger-LXY 
P.uger-MXY 
.. Energy (MeV) 
0.5140 
0.4988 
0.5119 
0.5121 
0.5138* 
0.8685 
0.01340 
0.01334 
0.01496 
0.01136* 
0. 01304* 
0.01470* 
0.001486* 
0.001724* 
0.001834* 
0. 0001728* 
912+ 
85 
3o Sr 0.0 
Yield (Bq-s)-1 
9.80E-01 
6.17E-03 
6. 59E-04 
2. 54E-05 
1. 14E-04 
1. 40E-04 
3.30E-01 
1.71E-01 
5.14E-02 
2.09E-01 
7 .. 31E-02. 
8. 2·6E-03 
7.77E-01 
2.74E-01 
2. 78E-02 
2. 04E-OO 
References 56 and 57 
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.. 
E.2 Yttrium-88 
BBy 
4- 39 0.0 
3- 2.7341 
2+ 1.8361 
0+ o.o 
88 . 3aSr (stable) 
HALFLIFE = 106.64 days 
DECAY MODES: E.C.(>99 %). p+(0.22 %) 
Radiation Energy (MeV) Yield (Bq-s)-1 
p+ 
'Y2 
ce-K, Y2 
ce-L1, Y2 
'Y4 
ce-K, Y4 
ce-L1, Y4 
'Ys 
· Ka1 X-ray 
Auger-KLL 
Auger-KLX 
Auger-KXY 
Auger-LMM 
Auger-LMX 
Auger-LXY 
ａｵｧ･ｲｾｍｘｙ＠
0. 3552* 
0.8980 
0.8819 
0.8958 
1.836 
1.820 
1.834 
2.734 
0.01416 
0.01198* 
0.01377* 
0.01554* 
0. 001571* 
0.001840* 
0.001972* 
0. 0001993* 
* Average Energy 
References 56 and 57 
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2.18E-03 
9.34E-01 
2.55E-04 
2.61E-05 
9.93E-01 
1.40E-04 
1.19E-05 
6.36E-03 
3. 36E-01 
1. 92E-O 1 
6. 88E-02 
7.88E-03 
7.40E-01 
2. 78E-Ol 
2.98E-02 
1.96E-OO 
; ｾｾ＠ ' ｾ＠ ·. ' . . 
E.3 Niobium-92m 
92f1!.Nb 
+2 . 41 0.0 
2+ 1.8473 
2+ 
0+ 0.0 
:: Zr (stable 1 
HALFLIFE = 10.15 days 
1-l 
DECAY MODES = E.C.(99.9 %) ' p+ ( 0. 06 %) 
Radiation Energy (MeV) Yield (%) 
p+ o.0887* 0;06 
yl 0.9126 1.69 
)'2 0.9345 99.2 
)'3 1. 84 75 0.79 
L X-ray 0.002"" 2.8 
Kcx1 X-ray 0.01578 35.3 
Kcx2 X-ray 0.01569 18.3 
KP 1 X-ray 0.0177 9.9 
Auger- L 0. 002 * 100 
Auger- K 0. 0134* 23 
ｒ･ｦ･ｲ･ｮｾ･＠ 57 and 62 
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APPENDIX F 
ATTENUATION COEFFICIENTS OF INTEREST 
F.1 Various Body Tissues 
The ｡ｴｴ･ｮｵ｡ｴｾｯｮ＠ coefficients of various body tissues 
were calculated from the attenuation coefficients of their 
constituent elements. 
The mass attenuation coefficients at various energies 
were calculated using the following formula:-
Ｈｾ＠ ｴｾ＠ = ＱｾＰ＠ ｾ｣ｻｾ＠ 1 
where ci is the constituent percentage (by mass) of element 
i (reference 58) and , (J.l!P)i is the mass attenuation 
I 
coefficient of this element at the relevant energy 
(reference 59). From the mass attenuation coefficients thus 
obtained the mass attenuation coefficient at the energy of 
interest could be interpolated. From this figure, and 
knowing the density of the tissue, the linear attenuation 
coefficient was calculated using the formula:-
F.1.1 Lung at 17.2 and 59.5 keV (Inflated, with Blood 
Supply) 
Element ·content (percentage by mass) 
H 10.3 
c 10.5 
N 3.1 
0 74.9 
Na 0.2 
p 0.2 
s 0.3 
Cl 0.3 
K 0.2 .(Re_f . . 58) . 
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Energy (keV) 1 1.5 2.0 3.0 4.0 5.0 6.0 8.0 10 15 
(.!:..) ( em' g ' 1 ) 3727 1885 527 179 78.8 41.0 23.8 10.2 5.27 1.64 
p tissue 
Energy (keV) 20 30 40 50 60 80 100 150 
( ｾＩ＠ ( cm2 g-1 ) 0.792 0.369 0.264 0.224 0.204 0.182 0.169 0.149 
, P tissoo 
These figures are plotted in Figure F. 1. From 
interpolation of this data:-
Mass Attenuation Coefficient (17.2 keV) = 1.113 cm2 g-1 
Mass Attenuation Coefficient (59.5·keV) = 0.2049 cm2 g-1 
Density of lung= 0.26 g _cm-3 (reference 60). 
From these values 
Linear Attenuation Coefficient ( 17. 2 keV) = 0. 2894 cm-1 
Linear Attenuation Coefficient (59. 5 kev) = 0. 0533 cm-1 
F.1.2 Lung at 514, 898, 934 and 1836 keV (Inflated, with 
Blood Supply) 
Energy (keV) 150 200 300 400 500 600 800 
( p \ l-J.< cm2 g-1) 0.149 0.135 
P tissue 
0.118 0.105 0.0960 0.0889 0.0779 
.. 
Energy (keV) 1000 1500 2000 3000 4000 5000 
( P I 2 1 0.0700 0.0569 0.0488 0.0393 0.0337 0.0301 l-J( em g- ) 
p ti.sste 
These figures are plotted in Figure F. 2 . From 
interpolation of this data:-
Mass Attenuation Coefficient (514 keV) = 0.0950 cm2 g-1 
Mass Attenuation Coefficient (898 keV) = 0.0737 cm2 g-1 
Mass Attenuation Coefficient (934 keV) = 0.0723 cm2 g-1 
Mass Attenuation Coefficient (1836 keV) = 0. 0511 cm2 g-1 
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From this value and a lung density of 0. 26 g cm-3 
Linear Attenuation Coefficient (514 keV) = 0.0247 cm-1 
Linear Attenuation Coefficient (898 keV) = 0.0192 cm-1 
Linear Attenuation Coefficient (934 keV) = 0.0188 cm-1 
Linear Attenuation Coefficient (1836 keV) = 0.0133 cm-1 
F.1.3 Muscle at 514, 898, 934 and 1836 keV 
Element Content (percentage by mass) 
H 10.2 
c 14.3 
N 3.4 
0 71.0 
Na 0.1 
p 0.2 
s 0.3 
Cl 0.1 
K 0.4 (Ref. 58) 
Energy (keV) 150 200 300 400 500 600 BOO 
(!:_I { cm2 g-1 ) l p) !i$u: 0.149 0.135 0.118 0.105 0.0959 0.0888 0.0778 . 
Energy (keV) 1000 1500 2000 3000 4000 5000 
(!:. )t em' g·') 0.0700 0.0568 0.0487 0.0392 0.0337 0.0300 p tissu: 
These figures are plotted in Figure 
interpolation of this data:-
Mass Attenuation Coefficient (514 keV) = 0.0949 
Mass Attenuation Coefficient (898 keV) = 0.0736 
Mass Attenuation Coefficient ＨＹＳｾ＠ keV) = 0.0722 
Mass Attenuation Coefficient (1836 keV) = 0.0510 
Densit·y of muscle= 1.062 g cm-3 (reference 52). 
From these values 
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F. 3 . From 
cm2 g-1 
cm2 g-1 
cm2 g-1 
cm2 9 -1 
Linear Attenuation Coefficient (514 keV) = 0.1008 cm-1 
Linear Attenuation Coefficient (898 keV) = 0.0782 cm-1 
Linear Attenuation Coefficient (934 keV) = 0.0767 cm-1 
Linear Attenuation Coefficient (1836 keV) = 0.0542 cm-1 
F.1.4 Adipose at . 514, 898, 934 and 1836 keV 
Element Content (percentage by mass) 
H 11.4 
c 59.8 
N 0.7 
0 27.8 
Na 0.1 
s 0.1 
Cl 0.1 (Ref. 58) 
Energy (keV) 150 200 . 300 400 500 600 800 
Ｈｾ｜｣ｭ Ｒ＠ｐＩｾ ﾷ＠ g-1) 0.150 0.137 0.119 0.106 0.0967 0.0895 0.0786 
Energy (keV) 1000 1500 2000 3000 4000 5000 
{ ｾＩ＠ ( cm2 g·' ) 0.0708 0.0575 0.0492 0.0395 0.0338 0.0299 
p ｾ＠
These figures are plotted in Figure 
interpolation of this data:-
Mass At·tenuation Cbefficient (514 keV) = 0.0957 
Mass Attenuation Coefficient (898 keV) = 0.0744 
Mass Attenuation Coefficient (934 keV) = 0.0730 
Mass Attenuation Coefficient (1836 keV) = 0.0516 
Density of adipose= 0.927 ｧ･ｭｾ＠ (reference 52). 
From these values 
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F. 4. From 
cm2 g-1 
cm2 g-1 . 
cm2 g-1 
cm2 9 -1 
_____ ..._ .......... _________________ __,;..._ ____ ___;__ .. . . . -· 
Linear Attenuation Coefficient (514 keV) 0.0887 cm-1 
Linear Attenuation Coefficient (898 keV) = 0.0690 cm-1 
Linear Attenuation Coefficient (934 keV) = 0.0677 cm-1 
Linear Attenuation Coefficient (1836 keV) = 0.0478 cm-1 
F.1.5 Ribs (2nd l 6th) at 514[ 898[ 934 and 1836 keV 
Element Content (percentage by mass) 
H 6.4 
c 26 ·. 3 
N 3.9 
0 43.6 
Na 0.1 
Mg 0.1 
p 6.0 
s 0.3 
Cl 0.1 
K 0.1 
Ca 13.1 (Ref. 58) 
Energy (keV) 150 200 300 400 500 600 800 
( !!:_ \ cm2 l P J tissl£ g-1) 0.149 0.133 0.114 0.102 0.0926 0.0856 0.0751 
Energy (keV) 1000 1500 2000 3000 4000 5000 
(!!:_ I ( cm2 g-1 ) l P ) tissre 0.0675 0.0549 0.0472 0.0382 0.0330 0.0296 
These figures are plotted in Figure F. 5. From 
interpolation of this data:-
Mass Attenuation Coefficient (514 keV) 0.0917 cm2 g-1 
Mass Attenuation Coefficient (898 keV) = 0.0711 cm2 g -1 
Mass Attenuation Coefficient (934 keV) = 0.0697 cm2 g-1 
Mass Attenuation Coefficient (1836 keV) = 0.0494 cm2 ｧｾｬ＠
Density of ribs = 1.41 g crn-3 (reference 58) . 
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From these values 
Linear Attenuation Coefficient (514 keV) 0.1293 cm-1 
Linear Attenuation Coefficient (898 keV) = 0.1003 cm-1 
Linear Attenuation Coefficient (934 keV) 0.0983 cm-1 
Linear Attenuation Coefficient (1836 keV) = 0.0697 cm-1 
F.2 Shielding Materials 
For the materials used for detector shielding the mass 
attenuation coefficients ｡ｾ＠ the energies of interest were 
calculated by interpolation from the values given in 
reference 59. 
F.2.1 Lead at 514, 898, 934 and 1836 keV 
Energy (keV} 150 200 300 400 500 600 800 
[ ｾＩ＼ Ｎ＠ cm2 g-1) 1.990 0.985 0.395 0.228 0.159 0.123 0.0875 
p tiSSte 
Energy (keV) 1000 1500 2000 3000 4000 5000 
(!:...)<em' g-1 ) 0.0701 0.0517 0.0456 0.0419 0.0419 0.0424 
P tissue 
These figures are plotted in Figure F. 6 . From 
interpolation of this data:-
Mass Attenuation Coefficient (514 keV) = 0.1525 cm2 g -1 
Mass Attenuation Coefficient (898 keV) = 0.0774 cm2 g-1 
Mass Attenuation Coefficient (934 keV) = 0.0745 cm2 g -1 
Mass Attenuation Coefficient (1836 keV) = 0.0469 cm2 g-1 
Density of lead = 11.35 g cm-3 (reference 61). 
From these values 
Linear Attenuation Coefficient (514 keV) 1.731 cm-1 
Linear Attenuation Coefficient (898 keV) = 0.8785 cm-1 
Linear Attenuation Coefficient (934 keV) 0.8456 cm- 1 
Linear Attenuation Coefficient (1836 keV) = 0.5323 cm-1 
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F.2.2 Copper at 514, 898, 934 and 1836 keV 
: 
-
Energy (kev> 150 200 300 400 500 600 800 
( !:_) ( cm2 g-1 ) 0.222 0.156 0.112 0.0940 0.0836 0.0762 0.0660 
p tisrue 
Energy (keV) 1000 1500 2000 3000 4000 5000 
( !:_) { cm2 g·l ) 0.0590 0.0480 0.0419 0.0359 0.0333 0.0318 
p tbwe 
These figures are plotted in Figure F. 7 . From 
interpolation of this data:-
Mass Attenuation Coefficient (514 keV) = 0.0824 cm2 g·l 
Mass Attenuation Coefficient (898 keV) = 0.0622 cm2 g·l 
Mass Attenuation Coefficient (934 keV) = 0.0610 cm2 g·l 
Mass Attenuation Coefficient (1836 keV) = 0.0435 cm2 g·l 
Density of copper = 8. 92 g cm·3 {reference 61) . 
From these values 
Linear Attenuation Coefficient (514 keV) = 0.7350 cm·1 
Linear Attenuation Coefficient (898 keV) = 0.5548 cm·1 
Linear Attenuation Coefficient (934 keV) = 0.5441 cm·1 
Linear Attenuation Coefficient (1836 keV) = 0.3880 cm·l 
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5000 keV. 
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